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ABSTRACT 


Measurements  of  the  neutron  angular  flux  spectrum  in  graphite 
have  been  made  to  provide  a  standard  of  comparison  for  neutron  pene¬ 
tration  calculations.  The  configuration  approximated  a  point,  fission¬ 
like  source  in  an  infinite  medium.  The  spectrum  from  0.  002  eV  to 
15  MeV  was  measured  with  an  accuracy  of  ±10%  to  ±20%,  and  resolution 
of  -•  10%,  by  the  pulsed-source,  time-of-flight  method.  The  source  spec¬ 
trum  and  other  characteristics  were  also  measured.  Spectra  were  ob¬ 
tained  at  angles  from  0°  to  60°  and  penetrations  to  66  cm.  In  addition, 
dieaway  measurements,  indium  subcadmium  and  epicadmium  flux 
traverses,  sulfur  and  aluminum  threshold  foil  traverses,  and  a  threshold 
foil  spectrum  measurement  were  made.  Procedures,  apparatus,  and 
results  are  described  in  detail  so  that  others  can  evaluate  our  results 
and  use  them  to  test  transport  codes  and  input  approximations.  Com¬ 
parison  cf  the  time-of-flight  data  with  a  preliminary  discrete-ordinates 
calculation  indicates  fairly  good  agreement  except  for  detail  in  the  carbon 
resonance  region,  where  the  flux  oscillates  strongly.  Both  calculations 
and  experiment  indicate  the  intermediate  spectrum  for  r  >  20  cm  from 
the  source  is  not  1/E  as  usually  assumed.  Low  energy  foil  activation 
and  time-of-flight  results  are  consistent,  but  threshold  foils  give  poor 
results. 
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1.  INTRODUCTION 


The  purpose  of  this  research  project  was  to  measure  the  neutron 
angular  flux  spectrum  in  graphite,  to  provide  a  standard  of  comparison 
for  neutron  penetration  calculations.  The  geometry  was  made  very 
simple,  approximating  a  point  source  in  an  infinite  medium.  The  spec¬ 
trum  from  0.  002  eV  to  15  MeV  was  measured  with  good  accuracy  and 
energy  resolution  by  the  pulsed  source,  time-of-flight  method.  The 
source  spectrum  and  other  characteristics  were  measured  to  avoid  any 
ambiguity  in  this  regard.  Procedures,  apparatus,  and  results  are  re¬ 
ported  in  detail  so  that  others  may  evaluate  our  results  and  use  them  to 
test  transport  codes  and  input  approximations. 

In  addition  to  the  time-of-flight  measurements  described  in  Sec¬ 
tion  2,  we  measured  the  thermal  neutron  flux  dieaway  and  derived  a 
mean  emission  time  correction,  which  is  discussed  in  Section  3.  Spatial 
distributions  of  thermal,  indium  resonance,  and  fast  neutron  fluxes  were 
measured  with  foils,  and  threshold  foils  were  irradiated  for  comparison 
with  the  time-of-flight  spectra.  This  work  is  reported  in  Section  4. 

Although  the  research  was  primarily  experimental,  preliminary 
calculations  were  made  as  described  in  Section  5.  Results  are  discussed 
and  compared,  and  conclusions  and  recommendations  given,  in  Section  6. 

The  target  is  discussed  in  more  detail  in  Appendix  A,  and  the 
tabulated  time-of-flight  spectra  are  listed  in  Appendix  B. 
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2.  T1ME-OF- FLIGHT  EXPERIMENT 


2.  I  PRINCIPLES  OF  THE  TIM E-OF^ FLIGHT  METHOD 

In  the  time-of-flight  method,  the  neutron  energy  and  angular  dis¬ 
tribution  are  measured  by  extracting  a  collimated  beam  from  the  experi¬ 
mental  assembly  at  the  desired  position  and  angle,  and  measuring  the 
time-of-fiight  over  a  fixed,  known  distance  (50  meters  in  this  experiment). 
Time-zero  is  defined  by  pulsing  the  neutron  source.  The  pulsed  neutron 
source  in  our  experiments  is  a  depleted  uranium  target  bombarded  by 
28-MeV  electrons  from  the  linear  accelerator.  The  electrons  generate 
bremsstrahlung,  which  in  turn  produces  a  broad  spectrum  of  fast  neutrons 
by  the  (\,  n)  and  (\,F)  reactions.  Neutron  emission  is  coincident  with, 
and  proportional  to,  the  electron  current  pulse,  and  the  length  of  the 
current  pulse  is  always  made  small  compared  to  the  flight  time  of  the 
fastest  neutron  detected.  For  measurements  in  a  large  experimental 
assembly,  however,  a  small  correction  is  made  for  the  mean  emission 
time,  i.  e.  ,  the  average  time  for  a  source  neutron  to  slow  down  and  dif¬ 
fuse  to  the  point  where  it  enters  the  collimated  beam  to  the  detector. 

The  neutrons  are  detected  in  any  one  of  three  counters,  depending 
on  the  energy.  A  proton- recoil  organic  liquid  scintillator  is  used  for  high 
energies  (0.  5-15  MeV).  A  boron  capture  detector  is  used  from  200  eV 
to  1 . 5  MeV.  A  bank  of  BF^  counters  is  used  below  200  eV.  The  arrival 
of  the  neutron  is  timed  by  a  fast  discriminator,  and  hence  the  speed  and 
energy  are  measured  with  good  resolution.  However,  to  convert  count¬ 
ing  rate  to  flux  it  is  necessary  tc  divide  by  the  neutron  detection  effic¬ 
iency  at  that  energy.  The  absolute  efficiencies  of  our  detectors  have 
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been  accurately  measured  and  calculated,  so  that  it  is  possible  to  report 
angular  fluxes  with  good  precision.  All  measurements  are  normalized 
to  a  standard  source  intensity  by  activation  of  monitor  foils  in  a  repro¬ 
ducible  geometry. 

Two  graphite  assemblies  were  investigated  in  this  experiment. 

The  fast  and  intermediate  spectrum  measurements  by  the  time -of- flight 
method  were  made  in  a  152  cm  x  152  cm  x  132  cm  block,  which  allowed 
for  measurements  at  angles  up  to  60°  to  the  radius  vector  by  displace¬ 
ment  cf  the  stack  as  explained  in  the  following  section.  Thermal  spec¬ 
trum  measurements  and  foil  activations  were  made  in  a  smaller  block, 

112  cm  x  112  cm  x  132  cm.  Since  the  beam  was  always  extracted  in  the 
horizontal  plane  (at  0°  or  90°  to  the  long  axis)  this  size  was  sufficient, 
and  it  had  a  shorter  dieaway  time  constant  than  the  larger  assembly. 

2..  2  THE  FAST  SPECTRUM  ASSEMBLY 

Measurements  of  the  neutron  angular  flux  spectrum  from  200  eV 
to  15  MeV  were  made  in  the  graphite  assembly  illustrated  in  Fig.  2.  1. 

The  assembly  was  designed  to  be  effectively  infinite,  i.  e.  ,  large  enough 
that  the  measured  flux  was  insensitive  to  the  location  of  the  boundaries. 
The  measured  flux  can  thus  be  compared  with  one-dimensional  or  infinite- 
medium  calculations.  The  criterion  for  effectively  infinite  behavior  was 
to  locate  the  target  (source)  and  measurement  points  some  three  mean 
free  paths  from  the  nearest  boundary.  In  Fig.  2.  2  the  total  mean  free 
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path  of  graphite  at  density  p  =  1.64  g/cm  is  plotted  against  energy. 

The  largest  mean  free  path  is  about  20  cm  and  it  approaches  a  constant 
2.  5  cm  at  lower  energies.  In  the  configuration  of  Fig.  2.  1  the  target 
was  located  56  cm  from  the  edge,  which  was  believed  to  be  acceptable. 

The  measurement  points,  as  we  shall  see  later,  were  at  least  66  cm  from 
the  sides  and  top,  and  all,  except  the  last  0°  measurement  position,  were 
more  than  46  cm  from  the  end  of  the  block. 
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Fig.  2.  1 --Dimensions  of  the  graphite  fast  spectrum  assembly 
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As  a  further  aid  to  the  design,  the  fast  neutron  angular  flux  spec¬ 
trum  in  spherical  geometry  was  obtained  from  P^,  GAPLSN^  cal¬ 
culations.  Effective  cross  sections  for  10  energy  groups  from  0.  8  to  14.9 
MeV  were  obtained  from  an  infinite -medium  GAM-II^  calculations.  For 
these  preliminary  calculations  the  3.  81 -cm  radius  target  was  centered 
in  a  7.  62-cm  radius  cavity.  The  calculated  angular  flux  in  a  37.  62-cm 
radius  sphere  is  given  in  Fig.  2.  3,  and  in  a  52.  62-cm  radius  sphere  in 
Fig.  2.4.  The  curves  are  labeled  by  the  nominal  penetration  in  graphite 
(IS  30  or  45  cm),  and  the  angle  to  the  radius  vector.  The  spectrum  at  30 
cm  increases  only  by  30%  or  less  upon  adding  the  15  cm  of  graphite,  which 
implies  that  even  less  than  three  mean  free  paths  is  probably  sufficient  for 
infinite  medium  conditions.  The  0  flux,  which  is  mostly  uncollided,  is 
unaffected  by  the  additional  material,  indicating  that  0°  measurements  could 
be  made  as  close  to  the  boundary  as  desired. 

The  magnitude  of  the  calculated  fluxes  when  compared  to  earlier 
measurements  in  indicated  that  no  difficulty  should  be  experienced 

in  making  measurements  to  a  45-cm  penetration  in  graphite.  Actually, 
one  0°  measurement  was  made  at  61  cm.  The  relatively  small  change 
in  flux  at  30  cm,  with  and  without  the  additional  graphite,  implied  that  the 
much  smaller  perturbation  due  to  a  probe  hole  of  reasonable  size  should 
be  acceptable,  at  least  for  energies  above  0.  8  MeV.  The  earlier  mea¬ 
surements  in  CH_  were  made  on  the  surface  with  our  standard  6.  3-cm 
diameter  collimator.  To  maintain  a  reasonable  counting  rate  at  equal 
attenuations,  we  decided  to  use  this  collimator  for  the  fast  and  intermed¬ 
iate  spectrum  measurements.  The  collimatiou  requires  a  7. 62-cm 
diameter  hole  for  extracting  a  neutron  beam  from  the  interior  of  an 
assembly.  In  the  thermal  neutron  spectrum  measurements  a  smaller 
collimator  and  a  3.81-cm  diameter  hole  were  used. 
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The  graphite  stack  was  made  of  machined  4.  000  in.  x  4,  000  in. 

(10.  16  cm  x  10.  16  cm)  stringers  and  it  was  convenient  to  build  on  this 
module  in  the  vertical  dimension.  The  angular  distribution  was  to  be 
measured  over  several  angles  from  0°  to  60°,  and  the  spatial  distribu¬ 
tion  at  suitable  intervals  up  to  at  least  45  cm  penetration.  Although  at 
one  time  the  target  was  to  be  located  in  a  7.62-cm  radius  spherical 
cavity,  we  later  decided  to  make  the  air  gap  smaller  and  centered  the 
target  in  a  4.  45  cm  radius  cavity.  The  angles  and  radii  measured  are 
shown  in  Fig.  2. 5.  From  the  results  in  Appendix  A,  spherical  symmetry 
could  br  assumed  (isotropic  target  and  infinite  medium),  hence  the  off-zero 
angula.  measurements  were  made  by  lowering  the  entire  graphite  stack  past 
the  fixed  precollimator  (Fig.  2.  1)  in  10.  16-cm  increments.  This  required 
bending  the  electron  beam  downwarda  few  degrees  and  tilting  the  target 
slightly  for  alignment  on  the  beam.  The  assembly  was  aligned  on  the  collima 
tor  axis  by  a  transit  and  cross  hairs  on  the  precollimator  and  16-meter 
station  window  of  the  flight  path,  and  by  plumb  lines. 

About  22,  000  kg  of  reactor-grade  graphite  were  borrowed  for 

3 

the  experiment.  The  measured  density  was  1.65  ±  0.  01  g/cm  .  The 
results  of  a  spectroscopic  analysis  (General  Atomic  samples  15537  and 
15538)  are  given  in  Table  2.  1.  Activation  analysis  for  oxygen  gave 
580  :h  40  ppm  (General  Atomic  service  order  5672,  April  12,  J966). 
Gravimetric  analysis  for  hydrogen  (General  Atomic  chemistry  depart¬ 
ment)  revealed  10  ppm.  Although  these  impurities  should  have  very 
little  effect  on  the  spectrum,  we  decided  to  bake  out  all  the  graphite  to 
remove  any  excessive  moisture  which  had  not  been  detected  in  the  analy¬ 
sis  of  samples.  After  baking  a  sample  at  100°C  for  four  hours  the  hydro¬ 
gen  content  was  reduced  to  6  ppm,  and  after  24  hours  it  was  2-3  ppm. 

The  graphite  stringers  were  baked  in  batches  for  24  hours  at  over  100°C. 

The  graphite  does  absorb  a  small  amount  of  moisture  from  the  air,  since 
it  is  not  practical  to  hermetically  seal  the  stack.  This  should  have  little 
effect  on  the  neutronics,  but  could  be  included  in  calculations  if  desired. 
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Table  2.  1 


SPECTROSCOPIC  ANALYSIS  OF  GRAPHITE  (ppm) 


Ag 

<  1 

Mo 

<  10 

A1 

<  4 

Na 

<  1 

As 

<  40 

Nb 

<  100 

Au 

<  5 

Ni 

<  8 

B 

<  0.  5 

P 

<  100 

Ba 

<  1 

Pb 

<  40 

Be 

<  1 

Pd 

<  10 

Bi 

<  4 

Pt 

<  6 

Ca 

<  10 

Rb 

<  2 

Cd 

<  20 

Rh 

<  20 

Co 

<  10 

Ru 

<  10 

Cr 

<  60 

Sb 

<  10 

Ce 

<  10 

Si 

<  8 

Cu 

<  100 

Sn 

<  4 

Fe 

<  6 

Sr 

<  10 

Ga 

<  6 

Ta 

<  60 

Ge 

<  40 

Te 

<  8 

Hf 

<  40 

Th 

<  10 

Hg 

<  8 

Ti 

<  4 

In 

<  20 

T1 

<  40 

Ir 

<  40 

V 

<  4 

K 

<  1 

W 

<  60 

Li 

<  1 

Zn 

<  6 

Mg 

<  1 

Zr 

<  1 

Mn 

<  2 
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Figure  2.o  is  a  cutaway  drawing  of  the  graphite  stack  with  the 
target  in  place  and  the  probe  hole  opened  for  a  0°  measurement.  The 
drawing  indicates  the  stacking  only  schematically,  since  30.  5  cm  to 
91.4  cmLong  stringers  were  used,  and  joints  were  staggered  in  more  than 
one  direction  to  eliminate  streaming  cracks.  In  the  most  cri  ical  area, 
the  neutron  beam  extraction  probe  holes,  alternate  rows  of  stringers 
were  stacked  horizontally  and  vertically.  Since  the  stringers  are 
machined  to  a  flatness  and  straightness  tolerance  of  0.  0127  cm,  and 
since  the  only  possible  opening  is  at  the  intersection  of  the  horizontal 
and  vertical  joints,  streaming  should  be  negligible.  The  top  of  the  probe- 
area  graphite  assembly  was  bridged  with  long  graphite  stringers  to  en¬ 
able  the  probe  area  graphite  to  be  removed  without  having  to  restack  a 
major  portion  of  the  pile.  This  left  a  slight  gap,  estimated  at  0.  05  cm 
average;  however,  it  was  located  well  above  the  measurement  points  and 
should  not  affect  the  results. 

The  different  radii  and  corresponding  angles  of  measurement  w ere 
reached  by  adding  or  removing  graphite  plugs  machined  to  the  proper 
angles  and  lengths.  The  plugs  are  7.62  cm  in  diameter  and  fit  quite 
snugly  into  the  probe  hole.  In  one  measurement,  the  innermost  30.  5-cm 
of  the  probe  hole  was  fitted  with  graphite  sleeves  stopping  the  diameter 
down  to  3.  81  cm,  to  test  for  probe  hole  perturbation.  Figure  2.7  is  a 
photograph  of  the  probe  area  graphite,  spaced  to  show  the  construction, 
with  a  selection  of  plugs  in  the  foreground.  The  four  columns  on  the  left 
do  not  have  plugs.  All  but  one  stringer  in  each  column  is  solid.  One 
stringer  with  a  7.62-cm  diameter  hole  in  the  proper  location  is  moved 
about  to  extend  the  probe  hole  to  the  surface.  With  the  plug  and  stringer 
airangement,  there  are  no  holes  left  other  than  the  one  needed  for  the 
neutron  beam  extraction  in  that  particular  measurement. 
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GRAPHITE 


Fig,  2.  6--Cutaway  view  of  the  graphite  fast  spectrum  assembly 


The  water-cooled,  depleted  uranium  target  was  located  in  the 
8.9-cm  diameter  cavity  as  shown  in  Fig.  2.  8.  One  side  of  the  stringer 
containing  the  cavity  has  been  moved  aside  to  permit  the  target  sphere  to 
be  seen.  The  target  was  fitted  with  inlet  and  outlet  water  tubes  long  enough 
to  extend  outside  the  stack,  where  they  made  a  right-angle  bend  and 
connected  to  the  coolant  water  hoses.  The  target  is  completely  welded 
except  for  one  brazed  joint  at  the  snout,  minimizing  the  possibility  of 
water  leakage  into  the  graphite.  The  target  was  vacuum  tested  and  water 
pressure  and  flow  tested  before  use.  As  a  further  precaution  against 
wetting,  the  target  was  bagged  in  a  thin  polyethylene  film.  The  water 
circulating  system  was  equipped  with  low-level  and  low-flow  interlocks 
to  shut  down  the  Linac  and  the  water  pump  in  case  of  trouble.  An  elec¬ 
trical  conductivity  leak  detector  was  installed  under  the  target  and  inside 
the  bag  to  sound  an  alarm  in  case  of  water  leakage.  The  leak  detector 
consisted  of  a  strip  of  absorbent  paper  with  two  copper  ribbons  taped  to 
one  side.  Insulated  leads  were  taken  to  a  remote  amplifier,  re^y,  and 
bell  assembly  designed  and  built  by  P.  L.  Phelps  of  the  Linac  electronics 
staff.  A  single  drop  of  water,  or  anything  which  reduces  the  resistance 
across  the  ribbons  to  less  than  60,  000  ohms,  is  sufficient  to  trip  the 
alarm.  Fortunately,  no  leakage  was  experienced  in  the  entire  experi¬ 
ment. 

The  28-MeV  electron  beam  from  the  linear  accelerator  was 
brought  through  a  0.  005-cm  thick  stainless  steel  window  brazed  to  the 
end  of  a  3.  18-cm  diameter  tube  sealed  to  the  Linac  vacuum  system. 

The  window  was  cooled  by  a  stream  of  dry  compressed  air.  The  beam 
then  traveled  about  23  cm  through  air  to  the  bottom  of  the  reentrant  hole 
in  the  target.  The  beam  was  deflected,  both  horizontally  and  vertically, 
by  electromagnets,  and  focused  by  magnetic  quadrupole  lenses.  To 
monitor  the  position  and  size  of  the  electron  beam,  we  painted  the  tar¬ 
get  opening  with  a  fluorescent  material,  and  viewed  the  beam  spot  glow 
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with  a  closed-circuit  TV  camera  and  mirror.  A  small  light  bulb  with 
rheostat  control  was  installed  to  provide  enough  light  for  initial  focusing 
of  the  camera.  The  graphite  was  cut  away  just  enough  to  clear  the  water 
tubes  and  electron  beam  tube,  but  this  provided  a  sufficient  opening  for 
the  TV  camera  sight  line.  Figure  2.  9  is  a  photograph  of  the  fast  spec¬ 
trum  assembly  from  the  Linac  side,  showing  the  support  table  with  its 
electrically-powered  jacks  and  the  electron  beam  tube  and  target  water 
lines.  The  occasional  damaged  graphite  string ers\  visible  were  used 
only  at  the  surface. 

The  Linac  operator  observed  on  an  oscilloscope  the  pulsed 
current  from  the  electrically-insulated  target.  However,  this  current 
is  related  in  an  unknown  way  to  the  neutron  output,  because  of  variable 
resistance  to  ground  (e.  g.,  in  the  water  lines),  and  drifts  in  spot  posi¬ 
tion  and  beam  energy.  Thus  the  integrated  target  current,  in  this  ex¬ 
periment,  may  not  give  a  reliable  normalization  to  a  standard  sc  iree 
intensity  from  run  to  run.  Instead,  we  irradiated  a  1.5-in.  (3.81  cm) 
diameter  by  0,  37 5 -in.  (0.952  cm)  thick  standard  sulfur  pellet  (supplied 
and  beta-counted  by  E.  G.  G. ,  Inc.,  Goleta,  California)  and  *  1.59-cm 
diameter  by  3.  81 -cm  long  aluminum  rod,  in  the  monitor  stringer  shown 
in  Fig.  2.6.  The  sulfur  pellet  was  held  in  a  hole  1.  27-cm  deep  and 
3.  18-cm  from  the  center  to  end  of  the  stringer;  the  center  of  the  sulfur 
was  19.1  cm  from  the  center  of  the  target.  The  aluminum  rod  was  held 
in  a  hole  7.  32-cm  deep  and  6.  40-cm  from  the  center  to  the  end;  the  cen¬ 
ter  of  the  aluminum  rod  was  21.  9  cm  from  the  center  of  the  target.  The 
measurements  were  reduced  to  a  standard  intensity  as  given  by  the  .sul¬ 
fur  pellet,  while  the  aluminum  activity  served  as  a  check. 
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Fig.  2.9--Fast  spectrum  assem 
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2 .  3  THE  THERMAL  SPECTRUM  ASSEMBLY 


Measurements  of  the  neutron  angular  flux  spectrom  from  0.  002 
to  200  eV  were  made  in  the  graphite  assembly  shown  in  Fig.  2.  10.  Foil 
flux  plots,  threshold  foil  irradiations,  and  thermal  neutron  flux  dieaway 
experiments  were  also  made  in  this  assembly.  Since  the  low  energy  flux 
should  be  nearly  isotropic,  measurements  were  made  in  the  horizontal 
plane  only  at  0°  and  90°  to  the  long  axis  of  the  stack,  as  seen  in  Fig. 

2.  10.  Since  we  wanted  to  measure  at  the  same  radii  as  in  the  fast  spec¬ 
trum  experiment,  and  wanted  to  maintain  the  target  and  monitors  in 
approximately  the  same  geometry,  the  length  of  the  stack  was  left  at 
lc2  cm.  However,  a  truly  infinite  medium  could  not  be  achieved  in  the 
unpoisoned  graphite,  where  the  slowing  down  length  to  indium  resonance 
is  about  43  cm  and  the  diffusion  length  about  50  cm.  Furthermore,  to 
achieve  good  energy  resolution,  we  had  to  reduce  the  thf  *mal  neutron 
dieaway  time  constant  to  about  2000  fisec  by  making  the  transverse  di¬ 
mension  112  cm.  The  target  was  located  symmetrically  and  since  most 
so-called  infinite-medium  calculations  can  include  a  buckling  factor,  truly 
infinite  medium  conditions  were  considered  not  to  be  essential. 

Part  of  the  graphite  from  the  fast  spectrum  assembly  was  re¬ 
stacked  into  the  thermal  spectrum  assembly,  recut  as  necessary.  Al¬ 
ternate  layers  were  criss-crossed.  The  sixth  layer  contained  the  target 
in  its  cavity,  the  special  pieces  for  the  water  tubes,  electron  beam  tube, 
and  TV  viewing  space,  the  monitor  foil  stringer,  and  the  stringers  with 

3.  81-cm  diameter  probe  holes.  Holes  not  needed  for  a  particular  mea¬ 
surement  were  filled  with  closely  fitting  graphite  plugs,  usually  15.2  cm 
long.  Figure  2.  1 1  is  a  photograph  of  the  graphite  for  the  sixth  layer, 
except  for  the  target  assembly  stringers,  as  arranged  for  the  0°  mea¬ 
surements.  The  plugs  shown  were  used  in  the  indium  flux  plots  and 
have  £.  small  depression  in  the  end  to  hold  the  foil.  In  the  timc-of-flight 
experiment,  plugs  were  inserted  to  make  measurements  at  20.  3  cm, 
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2.2  CM  PRECOLUMATOR 


2.2  CM  PRECOLUMATOR 


00  CONMC.URAT  ION 

2.  1 0--Dimensions  of  the  thermal  spectrum  assembly 
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Fig.  2.  11 --Sixth  layer,  0  measurements 
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35.  6  cm,  SO.  8  cm,  or  66.  0  cm  from  the  center  of  the  target.  The 
arrangement  for  a  90°  measurement  at  20.  3  cm  from  the  center  of  the 
target,  on  the  centerline,  is  shown  in  Fig.  2.  12.  To  make  measure¬ 
ments  at  the  other  distances  the  stringer  with  the  hole  was  exchanged 
with  the  appropriate  solid  stringer. 

The  thermal  neutron  boundary  conditions  were  defined  by  cover¬ 
ing  the  stack  with  0.  32  cm  of  borated  polyethylene  and  0.  051  cm  of  cad¬ 
mium.  The  new  universal- motion  table  v/ as  used  for  this  assembly, 
with  the  graphite  stacked  on  a  bed  consisting  of  a  1. 27-cm  thick  sheet 
of  aluminum,  the  cadmium,  the  borated  polyethylene,  and  a  0.  32-cm 
thick  sheet  of  aluminum.  The  final  assembly,  seen  from  the  side  opposite 
the  Linac,  is  shown  in  Fig.  2.  13. 

2.4  THE  PULSED  NEUTRON  SOURCE 

The  pulsed  neutron  source  consists  of  a  nominal  3-in.  (7.6  cm) 
diameter  depleted  uranium  target,  water-cooled,  irradiated  by  the 
pulsed  electron  beam  from  the  General  Atomic  three-section  L-band 
linear  accelerator.  Since  the  target  was  developed  for  use  on  several 
projects,  it  has  been  described  in  a  separate  report,  which  is  included 
as  Appendix  A.  The  linear  accelerator  facility  is  shown  in  Fig.  2.  14, 
and  general  characteristics  of  the  accelerator  are  summarized  in 
Table  2.2. 

Typical  accelerator  pulse  conditions  were  28  MeV,  0.  02  jisec 
pulse  width,  360  pps,  and  peak  pulse  currents  up  to  ~  1  ampere  in  the 
fast  spectrum  measurements  with  the  liquid  scintillation  detectors.  For  the 
intermediate  (200  eV--  1.  8  MeV)  spectrum  measurements  with  the  boron  cap¬ 
ture  detector,  the  repetition  rate  was  reduced  to  180  pps  and  the  pulse  width 
increased  to  0.  05  or  0.  1  /^sec.  However,  the  photomultiplier  tube  (and 
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.  12- -Sixth  layer,  90  measurements 
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Fig.  2.  1 3-- Thermal  spectrum  assembly 
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.  14--General  Atomic  Linear  Accelerator  Facility 


Table  2.  2 

ELECTRON  LINEAR  ACCELERATOR,  45  MeV  L-BAND 
OPERATING  CHARACTERISTICS 


Microwave  frequency.  Me . 

Number  of  accelerator  waveguides . 

Energy  range,  Mev . 

Beam  energy  at  maximum  efficiency,  Mev  .  , 
Peak  beam  current  at  maximum  efficiency,  ma 
Rated  average  power,  kw: 

At  8  Mev . 

At  20  Mev . 

At  25  Mev . 

At  30  Mev . . . 

At  40  Mev . 

Maximum  peak  beam  current,  ma 

(pulses  longer  than  0.  5  Msec . 

Maximum  peak  beam  current,  ma 

(pulses  shorter  than  0.  5  usee . 

Beam  pulse  lengths,  usee . 

Pulse  repetition  rates  per  second: 

At  5  psec . 

At  2. 5  Msec . 

At  0.  5  Msec  and  shorter . 

Energy  spectrum,  £E/E  full  width, 
half  maximum  . 


.  1300 

.  3 

1  to  45 
25 

500-700 


4 

12 

13.6 

12 

4 

700 


.  200C 

.  0.01  to  4  'i 

1,  7.  5,  15,  30,  60,  120,  180 

.  360 

.  720 


-3% 


OUTPUT  CHARACTERISTICS 


Approximate  electron  dose  at  one  foot . 

Electron  dose  rate  at  one  foot  during  burst . 

Approximate  gamma  dose  at  cne  foot . 

Gamma  ray  dose  rate  at  one  foot  during  burst . 

Approximate  neutron  yield,  near  fission  spectrum  .  .  .  . 

Maximum  neutron  yield  rate  during  burst . 

Sustained  neutron  yield  rate . 

Positron  energy,  Mev . 

Maximum  positron  yield  during  burst,  amperes . 

Approximate  sustained  positron  yield,  amperes . 

Energv  resolution,  AE/E  full  width . 

Monoenergetic  gamma-ray  source,  Mev . 

Maximum  photon  yield  during  burst,  forward  direction  . 

Sustained  photon  yield,  forward  direction . 

Energy  resolution,  AE/E  full  width . 


105-10^  rads/burst 
1010-10U  rads/sec 
.  10^  rads/burst 

107  -10®  rads/sec 
10“  neutrons/burst 
1017  neutrons/sec 
1013  neutrons/sec 

. 3  to  30 

.  10’8  to  3  x  10*7 

10’11  to  3  x  10“10 

.  2% 

. 3  to  30 

. 10^/ set: 

.  106/sec 

.  2% 
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RF  pulse  on  the  Linac)  were  gated  on  at  a  360  pps  rate  so  that  back¬ 
ground  could  be  measured  midway  between  the  neutron  bursts.  For 
the  thermal  spectrum  measurements  with  BF^  counters  the  pulse  width 
was  2  to  4.  5  /isec  and  the  repetition  rate  was  7.  5  pps. 

2.  5  NEUTRON  DETECTORS  AND  ELECTRONICS 

The  5.  08  cm  x  5.  08  cm  NE211  liquid  scintillation  detector  and 

the  12.7  cm  x  12.7  cm  NE213  liquid  scintillation  detector  are  described 

(4) 

in  a  separate  report,  which  also  discusses  the  measured  and  calculated 
efficiency,  G(E)  counts /neutron  incident.  The  G(E)’s  used  in  reducing 
the  graphite  experiments  are  listed  in  Tables  2.  3  and  2.  4.  Figure  2.  15 
is  a  block  diagram  of  the  electronics  as  used  in  the  fast  spectrum  mea¬ 
surements  in  graphite.  The  linear  channel,  with  the  timing  discrimin¬ 
ator  in  coincidence,  is  used  to  set  the  bias  of  the  discriminator.  In  the 
actual  time -of- flight  experiment,  the  discriminator  stops  the  time- 
analyzer  ramp,  which  is  started  by  the  injector  trigger  pulse.  The  in¬ 
jector  trigger  pulse  fires  the  accelerator,  and  after  being  delayed  by  0.4 
/isec,  gates  the  phototube  on  after  the  bremsstrahlung  has  reached  and 
passed  the  detector.  The  phototube  remains  on  for  about  120-150  /isec. 
Time  zero  is  obtained  from  the  channel  in  which  the  bremsstrahlung  is 
recorded  (with  the  tube  temporarily  gated  on  during  the  bremsstrahlung 
arrival  period),  corrected  for  the  flight  time  of  the  photons.  The  fast  neu¬ 
tron  time  distribution  was  taken  in  512  channels,  each  31.  25  nanoseconds 
wide.  Since  the  analyzer  can  accept  only  one  signal  pulse  per  ramp,  a 
counting  rate  loss  correction  is  necessary.  To  keep  the  correction  small, 
the  Linac  current  is  adjusted  so  that  the  data  counts  are  10-20%  or  less 
of  the  injector  trigger  pulses,  or  less  than  about  4000  cpm  at  the  360  pps 
repetition  rate.  Background  is  obtained  from  the  average  counting  rate 
after  some  10  /isec,  corresponding  to  neutron  energies  below  the  bias  of 
the  detector. 
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Table  2.  3 


EFFICIENCY  OF  THE  5.08  CM  DETECTOR 
AT  0.  040  COBALT  BIAS,  COUNTS  NEUTRON  INCIDENT'4' 


Energy 

(eV) 

1.4400  4  07 
1.2800  +  07 
1.  1000  +  07 

9.4000  +  06 
8.  1200  +  06 
7.0000  +  06 
5.9700  +06 
5.0000+06 
3.9600  +06 

3.5000  +06 

2.9800  +0fa 

2.4000  +06 
1.9100  +06 
1 . 5600  +06 
1.2500  +06 
9.4600  +05 
8.  5000  +05 
7. 6000  +05 
7.0000  +05 

6.5000  +05 
6.0000  +05 
5. 5800  +05 
5.3200  +05 
5.0000  +05 
4. 6800  +05 
4.2900  +05 
4.0000  +05 
3. 6300  +05 
3.3500  +05 
3.0000  +05 
2.7200  +05 


O(E) 

1. 6300-01 
1. 6500-01 
1.7100-01 
1. 8000-01 
1 . 8900-01 
2. 0500-01 
2.2500-01 
2.4500-01 
2. 7300-01 
2.8600-01 
3. 0900-01 
3.2900-01 

3. 5000- 01 

3. 7000-01 
3. 7700-01 

3. 7000- 01 
3.  5900-01 
3. 3900-01 
3. 1900-01 
2.9600-01 
2.  6200-01 
2. 0000-01 

1 . 7000- 01 
1 . 3100-01 
1. 0000-01 
7. 0000-02 
5. 3000-02 

3. 5000- 02 
2. 4000-02 

1. 5000- 02 
1. 0100-02 
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Table  2.  4 


EFFICIENCY  OF  THE  12.70  CM  DETECTOR 
AT  0.046  COBALT  BIAS,  COUNTS/NEUTRON  INCIDENT^ 


Energy 

(eV) 

1.4400  +07 
1.  1000  +07 
9.0000  +06 
7.0000  +06 
5.0000  +06 
4.0000  +06 
3.0000  +  06 
2.0000  +  06 
I.  5000  +  06 
i.  2500  +  06 
1.0000  +  06 
8.0000  +  05 
6.0000  +  05 
5.0000  +  05 
4.0000  +  05 

3.5000  +  05 
3.0000  +  05 

2.5000  +  05 
2.0000  +  05 
1.8000  +  05 
1.7000  +  05 


C(E) 

4.2200-01 
4. 2700-01 
4. 6100-01 

5.  1500-01 
5. 8300-01 

6.  1800-01 
6. 6500-01 
7. 0900-01 

7.  1700-01 
7. 1700-01 
6. 8100-01 
5. 8600-01 
3. 9500-01 
2. 7300-01 
8. 8000-02 
4. 5000-02 
2. 8000-02 
1. 7000-02 
7. 0000-03 
2. 0000-03 
1. 0100-03 
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Block  diagram  of  electronics  for  NE211  and  NE213 
scintillation  detectors 


The  intermediate  neutron  energy  detector  consists  of  a  NE226 
liquid  scintillator  counting  capture  gamma  rays  from  a  disk  of  boron 
carbide -loaded  paraffin  wax.  The  detector  and  its  efficiency  calibration 
are  discussed  in  Ref.  5,  and  the  G(E)  used  in  the  graphite  data  reduction 
is  given  in  Table  2.  5.  Figure  2. 16  is  a  block  diagram  of  the  electronics 
as  used  in  the  graphite  experiment.  The  linear  channel  is  the  same  as  for 
the  NE211  and  NE213  detectors,  except  that  a  separate  preamplifier  is 
used.  Two  time  analyzers  were  operated  simultaneously  to  obtain  data 
and  inter-pulse  background.  The  TMC211  analyzer  accumulated  data  in 
1,  024  channels  each  0.  250  /isec  wide  (in  the  LC  oscillator  mode;  discrim¬ 
inator  should  be  set  to  8).  The  256-channel  RCL  analyzer  has  a  special 
unit  built  at  General  Atomic  with  16  fis  time  channel  width.  Thus  it  ac¬ 
cumulated  data  and  background  out  to  4096  /i sec.  However,  the  photo¬ 
multiplier  tube  is  gated  on  twice  in  each  1/180  pps  (period  =  5555  fjsec). 

At  a  few  tenths  of  a  microsecond  after  the  bremsstrahlung  burst,  it  is 
gated  on  for  about  500-600  fx sec.  After  a  3000-fisec  delay,  it  is  gated  on 
again  for  the  same  interval.  A  3000-fisec  flight  time  at  50  meters  corres¬ 
ponds  to  neutrons  of  1.5  eV  energy.  A  boron- 10  filter  was  inserted  in  the 
flight  path  at  16  meters  to  absorb  neutrons  below  about  10  eV.  Thus  the 
background  measured  should  be  mostly  ambient  and  long  dieaway-time 
gamma  rays.  The  gate  trigger  arrangement  shown  in  Fig.  2.  17  was  used 
during  most  of  the  experiment.  However,  the  0°  measurement  at  20.  3 
cm,  which  was  made  first,  had  the  Linac  RF  pulsed  at  360  pps,  giving  a 
trigger  to  gate  the  photomultiplier  tube  at  2778  fisec  intervals. 

The  thermal  neutron  detector  used  in  this  experiment  was  a  bank 
of  thirty-six  enriched  boron  trifluoride  proportional  counters  filled  to 
70  cm  pressure.  The  ”36  BF^n  bank  and  its  efficiency  calibration  are 
discussed  in  Ref.  6.  The  G(E)  used  in  the  data  reduction  of  the  graphite 
experiment  is  listed  in  Table  2.  6.  The  electronic  setup  for  the  time- 
of-flight  measurement  is  shown  in  Fig.  2.  17.  Two  time-analyzers 
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Table  2.  5 


EFFICIENCY  OF  THE  BORON  CAPTURE 
DETECTOR  J.  0/14/66  COUNTS/NEUTRON  INCIDENT 


Energy 

(eV) 

1 . 0001  +  02 
2.0000+02 
5.  0000+02 
1 . 0000+03 

3.  0000+03 
5.  0000+03 
1. 0000+04 
3. 0000+04 

4.  0000+04 
5.0000+04 
5. 5000+04 
b.  0000+04 
ft. 5000+04 
7. 0000+04 
8. 0000+04 
9. 0000+04 
1. 0000+05 
l . 1000+05 
1 . 4000+05 
1. 7000+05 
l  .  <>000+05 
2.0000+05 

2.  3000+05 
2. 5000+05 
2. 7000+05 
2. 9000+05 

3.  0000+05 
3.  3000+05 
3.  5000+05 
3.  6000+05 
3.  7000+05 
3.  7500+05 
3.  8000+05 
3.  8500+05 
3.9000+05 


G(E) 

b. 3600-03 

6. 3800- 03 
6.4000-03 

6.4300- 03 

6.4500- 03 

6.4700- 03 
6.4900-03 

6. 5200- 03 

6. 5250- 03 
6.5350-03 

6. 5400- 03 

6.5500- 03 
6. 5b00-03 
6. 5800-03 
6. 6300-03 
6. 6900-03 
6.7500-03 
b. 8100-03 
7.0200-03 
7.2200-03 
7.3000-03 
7. 3500-03 

7.4300- 0 3 

7.4700- 03 

7.5000-03 

7. 5200- 03 
7.5300-03 

7. 5400- 03 

7.5500- 03 

7.5400-03 
7.5300-03 

7.5250- 03 

7.5200-03 

7.4500- 03 

7. 3800- 03 


Energy 

<oV) 

4.0000+05 
4. 1000+05 
4. 1500+05 
4.2000+05 
4.2500+05 
4. 3000+05 
4. 3500+05 
4.4000+05 
4.6000+05 
4.8000+05 
5.0000+05 
5.2000+05 
5. 3000+05 
5.4000+05 
5. 5000+05 

5.  b000+05 
5. 7000+05 
5. 8000+05 
6.0000+05 
6.2000+05 

6.  6000+05 
7.0000+05 
7.4000+05 
7. 8000+05 
8.2000+05 
8. 6000+05 
9.0000+05 
9.4000+05 
9.  8000+05 
1.2000+06 
1.4000+06 
1.6000+06 
1.8000+06 
2.0000+06 
2. 1000+06 


G(E) 

7.2700-03 
7. 0500-03 

6. 9800- 03 
6. O100-03 
6. 9000-03 
b. 9200-03 
6. 9600-03 
7. 0200-03 
7. 2800-03 

7. 5000- 03 
7. 8000-03 

7. 9800- 03 
8. 0100-03 
8. 0300-03 
8. 0500-03 
8. 0400-03 
8. 0350-03 
8. 0250-03 
8. 0000-03 
7. 9700-03 
7. 8^00-03 
7. 8000-03 
7. 7200-03 
7. 6500-03 
7. 5600-03 
7. 4000-05 
7.4200-03 
7. 3700-03 
7.2900-03 
6. 9400-03 
6. 5900-03 
6. 2100-03 
5. 8800-03 
5. 5800-03 

5. 5000- 03 
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Table  2.  6 


EFFICIENCY  OF  THE  36  BF3  BANK  1/9/67 
G(E)  COUNTS  NEUTRON  INCIDENT*6! 


Energy 

(eV) 

1. 0010-03 

1.5000- 03 
2. 0000-03 
3. 0000-03 
4. 0000-03 

4. 5000- 03 
5. 0000-03 

5. 5000- 03 
6. 0000-03 

6. 5000- 03 
7. 0000-03 

7. 5000- 03 
8.0000-03 
9. 0000-03 
1. 0000-02 
1. 3000-02 
1. 6000-02 
1. Q000-02 
2. 2000-02 

2. 5000- 02 
3. 0000-02 
3. *000-02 
4. 0000-02 
*.  5000-02 
5. 0000-02 

5. 5000-02 
6. 0000-02 
7. 0000-02 
8. 0000-02 
9. 0000-02 
1. 0000-01 


G(E) 

9. 5400-01 
8.9100-01 
8.7800-01 
8.4100-01 
8.0600-01 
8.0000-01 
7.99C0-01 
7.9100-01 

7. 8100- 01 
7.7200-01 
7. 5600-01 
7. 5300-01 
7.4700-01 
7. 1300-C1 
6. 5900-01 
6. 5500-01 
6.2200-01 
6.0300-01 

5.8100- 01 
5.6100-01 

5. 6200- 01 
5.5100-01 
5.3000-01 
5.2800-01 
5. 1900-01 
5. 1700-01 
5.0200-01 
4. 8700-01 
4.8600-01 
4.6700-01 

4. 6200- 01 


Energy 

(eV) 

1.5000-01 
2.0000-01 
3.0000-01 
4.0000-01 
6.0000-01 
8.0^00-01 
1.0000+00 
1. 5000+00 
2.0000+00 
3.0000+00 
4. 0000+00 
6.0000+00 
8.0000+00 
1.0000+01 
1.5000+01 
2.0000+01 
3.  '00+01 

4.0000+01 
6.0000+01 
8.0000+01 
1.0000+02 

1.  5000+02 
2.0000+02 
3.0000+02 
4.0000+02 
6.0000+02 
8.0000+02 
1.0000+03 
1.5000+03 

2.  0000+03 


G(E) 

4. 7700-01 
4.2900-01 
3.7000-01 
3. 5800-01 
3. 5700-01 
3. 1500-01 
2. 9200-01 
2. 7300-01 
2. 6000-01 
2. 4600-01 
2. 3400-01 
2. 1800-01 
2. 1000-01 
2. 0300-01 
1. 8900-01 

1.8100-01 
1. 7100-01 
1. 6400-01 
1. 5400-01 
1.4700-01 
1.4100-01 
1. 3300-01 
1.2600-01 
1. 1700-01 
1. 1100-01 
1. 0100-01 
9.  3600-02 
8. 9600-02 
7. 8700-02 
7. 0900-02 
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Fig.  2.  17- -Block  diagram  of  the  electronics  for  the  BF  detector 


were  used,  with  different  channel  widths,  to  provide  good  time  resolu¬ 
tion  at  the  higher  energies  while  covering  the  entire  thermal  energy  range 
with  the  wider  channels.  Background  for  each  BF^  detector  measure¬ 
ment  was  obtained  in  a  separate  run  with  a  neutron  absorber  installed  at 
the  bottom  of  the  3.  81 -cm  diameter  probe  hole.  The  absorber  was  a 
3.  81 -cm  diameter  by  3.  18  cm  long,  thin-wali  (0.  06  cm)  aluminum  cylin¬ 
der  filled  with  93%  enriched  boron  powder. 

2.  6  COLLIMATION  AND  FLIGHT  PATH 

The  fast  and  intermediate  spectrum  measurements  were  made  on 
a  50- meter  flight  path.  The  flight  path  consists  essentially  of  a  pre¬ 
collimator,  collimators  at  16  m  and  32  m,  a  shielded  detector  at  50  m, 
and  large  diameter  steel  drift  tubes  evacuated  to  rough  vacuum  with 
mechanical  pumps.  Most  of  the  fast  and  intermediate  spectrum  measure¬ 
ments  were  made  with  a  3.  0  in.  (7. 62  cm)  diameter  probe  hole  in  the 
graphite  and  a  2.  5  in.  (6.  35  cm)  I.  D.  precollimator.  This  configuration 
is  shown  in  Fig.  2.  18.  One  intermediate  spectrum  measurement,  at 
60°  and  35.  6  cm  radius,  was  made  with  a  1 . 5  in.  (3.  81  cm)  diameter 
probe  hole  and  the  0.87  in.  (2.21  cm)  I.  D.  pr ecollimation  system  shown 
in  Fig.  2.  19.  The  precollimators  and  inserts  are  made  of  mild  steel  tubes 
filled  with  a  mixture  of  lead  dust,  boric  acid,  and  epoxy  resin.  The  16  m 
and  32  m  collimators  are  made  of  hydrated  boric  acid  backed  by  10.  16  cm 
of  lead.  Tests  have  shown  that  stray  background  with  these  systems  is 
much  less  than  ambient.  The  neutrons  pass  through  Mylar  windows  on  the 
drift  tubes.  For  certain  measurements,  as  described  later,  a  3.  144-cm 
thick  x  30.  5  cm  x  30.  5  cm  filter  of  depleted  uranium  may  be  inserted  at 
the  16  m  position.  For  other  measurements  a  B^  filter  (Fig.  2.20)  may 
be  inserted  in  the  flight  path. 
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•  Thermal  neutron  spectrum  measurements  were  made  with  the  36 

BF^  bank  at  50  meters  and  the  collimation  system  shown  in  Fig.  2.21. 

To  reduce  the  counting  rate  per  unit  energy,  C(E)  counts/sec  eV,  to 
angular  flux  per  unit  energy,  ^(E)  n/cm^  sec  sr  eV,  we  use 

0(E)  =  - ^ -  (2.1) 

G(E)  T(E)— |  r>  Aa 


intrinsic  efficiency,  counts /neutron  incident 

flight  path  transmission 
2 

detector  area,  cm 
flight  distance,  cm 
solid  angle,  steradian 

efficiency  of  the  collimation  system  times  the 
reference  viewed  area  perpendicular  to  the 
beam,  cm^. 

The  collimation  efficiency  is  defined  as  the  counting  rate  with 

the  collimators  in  place,  divided  by  the  counting  rate  without  the  collima- 

(7) 

tors.  It  has  been  calculated  for  our  geometries  by  the  CAP  code. 

The  geometry  for  CAP  calculations  is  shown  in  Fig.  2.22.  Neutrons  are 

emitted  from  the  disk  source,  diameter  d  ,  which  is  located  at  the 

s 

bottom  of  the  probe  hole,  and  is  assigned  the  area  A  of  the  probe-hole 

s 

cross  section.  The  other  possible  limiting  apertures  are  included  as 
d^,  d^»  etc.,  ending  with  the  detector  as  the  last  aperture.  The  thick¬ 
ness  of  tie  collimators  are  indicated  by  t^,  t^,  etc.  The  distances  of 
the  entrance  apertures  of  the  collimators  from  the  outside  face  of  the 
experimental  assembly  are  defined  by  the  z  coordinates.  The  dis¬ 
tance  and  the  depth  of  the  probe  hole,  -6,  depend  on  the  location  of  the 
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measurement.  The  other  distances  can  be  found  from  Figs.  2.18,  2.  19, 
and  2.21 .  The  source  (probe  hole)  and  detector  diameters  and  areas  are 
indicated  in  Fig.  2.22  and  the  collimator  diameter  and  areas  in  Figs. 

2.  18,  2.  19,  and  2.  21,  The  CAP  program  traces  rays  from  small  dis¬ 
crete  areas  on  the  source  to  the  detector,  computes  the  efficiency  for 
each  area,  and  then  computes  an  average  efficiency  rj  of  the  whole  system. 

The  results  of  the  collimation  efficiency  calculations  and  the  over- 

2 

all  geometrical  factor  (A  /L  )  TJ  A  are  listed  in  Table  2.7  for  the  angles 

d  s 

and  radii  in  the  graphite  experiments.  Factors  in  parenthesis  are  inter¬ 
polated  from  other  CAP  calculations. 

A  study  was  made  to  determine  the  sensitivity  of  TJ  to  the  align¬ 
ment  of  the  source,  collimators,  and  detector  with  the  collimation  axis. 

It  was  found  that  a  2.  54-cm  displacement  of  the  detectors  resulted  in  no 
change  in  TJ,  and  we  believe  that  our  alignment  was  always  within  this 
figure.  A  2.  54-cm  displacement  of  the  16-meter  collimator  (for  the  fast 
and  intermediate  spectrum  runs)  resulted  in  a  30%  decrease  in  T).  How¬ 
ever,  we  believe  the  16-m  collimator  was  always  aligned  to  within  ±  0.  1 
cm.  A  2.  54-cm  displacement  of  the  32-meter  collimator  (for  the  thermal 
spectrum  runs)  resulted  in  no  change  in  7). 

The  collimator  efficiency  was  found  to  be  fairly  sensitive  to  mis¬ 
alignment  of  the  source,  especially  for  the  BF^  bank.  In  addition,  with 
sufficient  misalignment,  the  flux  from  the  walls  of  the  probe  hole  or  even 
the  outer  surface  of  the  assembly  will  contribute,  a  most  undesirable 
condition.  On  the  other  hand,  the  probe  hole  diameter  is  made  as  small 
as  practical,  to  reduce  the  perturbation  of  the  flux  in  the  assembly.  With 
the  transit  and  cross  hairs  on  the  precollimator  and  probe  hole,  we  be¬ 
lieve  we  can  align  the  probe  hole  to  ±0.  1  cm.  This  amount  of  misalign¬ 
ment  has  an  effect  of  less  than  0.5%  using  the  NE211,  NE213  or  boron 
detector  (NE226  scintillator).  The  geometry  factor  for  the  BF^  bank,  how¬ 
ever,  is  reduced  by  4%.  Thus  with  this  detector,  which  does  not  lie  within 
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Table  2.  7 


GEOMETRICAL  FACTORS* 


Radius 

cm 

Angle 

Detector 

Precollimator 

A  /L2 
a 

n 

A  (10 

L 

20.3 

0° 

NE211 

6.35 

1.  02  x 1 0*^ 

0.691 

3.  21  xl0~" 

0° 

NE226 

6.  35 

11.  22 

0.691 

35.35 

0° 

bf3 

2.  21 

cn 

00 

• 

cn 

0.  134 

39.49 

30° 

NE213 

6.35 

4.99 

(0.686) 

15.61 

30° 

NE226 

6  35 

11.22 

(0.691) 

35.  35 

90° 

bf3 

2.21 

258.  5 

(0. 134) 

39.49 

35.6 

0° 

NE211 

6.35 

1.  02 

0.691 

3.21 

0° 

NE213 

6.  35 

4.99 

0.686 

15.61 

0° 

NE226 

6.35 

11. 22 

0.680 

34.79 

0° 

bf3 

2.  21 

258.  5 

0. 135 

39.78 

17° 

NE213 

6.  35 

4.99 

(0.686) 

15.61 

17° 

NE226 

6.  35 

11. 22 

(0.680) 

34.79 

35° 

NE213 

6.  35 

4.99 

(0.686) 

15.61 

35° 

NE226 

6.  35 

11.22 

(0.680) 

34.79 

60° 

NE213 

6.  35 

4.99 

(0.686) 

15.61 

60° 

NE226 

6.35 

11.22 

(0.680) 

34.79 

60° 

NE226 

2.21 

11.22 

0.309 

3.95 

90° 

bf3 

2.  21 

258.  5 

(0.  134) 

39.49 

50.8 

0° 

NE213 

6.  35 

4.  99 

0.686 

15.61 

0° 

NE226 

6.  35 

11. 22 

0.679 

34.74 

0° 

bf3 

2.  21 

258.  5 

0.  134 

39.49 

12° 

NE213 

6.  35 

4.99 

(0.686) 

15.61 

12° 

NE226 

6.  35 

11. 22 

(0.679) 

34.  74 

24° 

NE213 

6.  35 

4.99 

(0.686) 

15.61 

24° 

NE226 

6.  35 

11.22 

(0.679) 

34.74 

37° 

NE213 

6.35 

4.99 

(0.686) 

15.61 

37° 

NE226 

6.  35 

11.  22 

(0.679) 

34.74 

90° 

BF3 

2.  21 

258.  5 

(0.  134) 

39.49 

66.  0 

0° 

NE213 

6.  35 

4.99 

0.686 

15.61 

0° 

NE226 

6.  35 

11. 22 

0.681 

34.  84 

*An  average  zj  =  31.4  cm  and  average  L  =  5138  cm  (BF^)  or  5146  cm 
(NE211,  213,  226)  were  used  for  these  factors.  The  exact  L  was  used 
for  the  time-of-flight  to  energy  conversion.  The  l  length  was  76.  2  cm 
at  20.  3  cm  radius,  61.  0  at  35.  6,  45.  8  at  50.  8,  and  30.  6  cm  radius. 

As  -  45.60  cm^  for  6.35  cm  collimator  (7.62  cm  diameter  probe  hole), 
As  =  11.40  cm^  for  2.  21  cm  collimator  (3.  81  cm  diameter  probe  hole). 
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the  collimated  beam  as  do  the  others,  normalization  errors  of  several  per¬ 
cent  may  be  expected  due  to  unavoidable  alignment  errors.  It  should  be 
noted  also  that  most  of  the  fast  and  intermediate  spectrum  measurements 
were  made  by  interchanging  detectors  while  leaving  the  collimators  and 
assembly  unchanged  at  a  given  radius  and  angle.  Thus  although  the  ab¬ 
solute  over -all  detection  efficiency  may  be  affected  slightly  by  misalign¬ 
ment,  the  relative  normalization  should  not  be  affected,  provided  the 
detectors  were  reinstalled  each  time  to  within  2.  54  cm  of  the  collimation 
axis. 

Transmission  of  neutrons  through  the  flight  path  is  calculated  as 

T(E)  =  exp  (-  Y,  N.a.(E)t.)  where  i  refers  to  the  material,  N  the  nuclear 
i 

density,  <7  the  total  cross  section,  and  t  the  thickness.  The  materials 

considered  are  air  at  50%  elative  humidity,  Mylar,  the  3.  144  cm  of 

235 

depleted  uranium  (0.  22  wt  %  U  )  and  its  0.  02- cm  total  thickness  of 

polyethylene  wrapping  (replaced  by  3.  1  cm  of  NTP  air  when  removed) 

10 

and  the  B  filter  when  it  is  used.  For  the  thermal  spectrum  measure¬ 
ments  some  of  the  Mylar  windows  were  replaced  by  aluminum  windows. 

The  total  equivalent  thickness  of  air  at  NTP,  including  the  residual  air 
in  the  drift  tubes,  on  the  fifty- meter  flight  path,  has  been  calculated  as 
214.  9  cm  (without  filters)  plus  the  distance  from  the  detector  to  the  drift 
tube,  the  distance  from  the  precollimator  to  the  bottom  of  the  probe  hole, 
and  the  equivalent  thickness  of  air  at  the  pressure  existing  in  the  pre- 
collimator-to-16  m  section  (about  42  cm).  The  cross  sections  of  &  metal, 
H,  O,  N,  and  C  are  usually  included  along  with  A1  and  enriched  B  when 
needed.  The  reference  nuclear  densities  are  given  in  Table  2.  8.  For 
convenience  the  nuclear  densities  of  H  and  O  are  taken  as  those  in  air 
at  NTP  (293  K,  1  atm).  The  factors  for  multiplying  the  thickness  (cm) 
of  Mylar  and  polyethylene  to  convert  the  equivalent  thickness  in  air  at 
NTP  are  also  given  in  the  table.  The  nuclear  density  of  carbon  in  Mylar 
is  tabulated.  The  factor  for  converting  from  polyethylene  is  also  given. 
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Table  2.  8 

REFERENCE  NUCLEAR  DENSITIES  IN  FLIGHT  PATH 


Material 

N  {nuclei/cm'*) 

Factor  for  Mylar 

Factor  for  Polyethylene 

U 

4.73 

X 

10-2 

— 

.  — 

H 

6.48 

X 

10-7 

5.36  x  104 

1.  219  x  105 

O 

1. 09? 

X 

lo'5 

1.589  x  103 

— 

N 

3.93 

X 

IQ*5 

— 

— 

C 

4.  34 

X 

lo'2 

— 

«■  91 

A1 

’  6.03 

X 

lo*2 

— 

— 

B 

6.73 

X 

lo'2 

The  total  cross  sections  for  uranium  were  obtained  from 


hydrogen 

oxygen 

nitrogen 

carbon 

aluminum 

7075 

.Tuminum 

6061 

boron 


BNL  325  Supplement  2  and  AWRE  7963,  for 
Gammel,  BNL  325,  and  UCRL  5226,  for 
KAPL-M-6452,  for 

BNL  325  Supplement  2  and  UCRL  5226; 

BNL  325  Supplement  2  and  KFK  120; 

BNL  325  2nd  edition  and  Supplement  2,  GA  5884; 

BNL  325  2nd  edition  and  Supplement  2,  GA  5884; 
From  BNL  :SCISRS  TAPE  and  BNL  325  2nd  edition. 
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The  transmission  of  the  flight  path  with  the  6.  35  cm  precollima¬ 
tor  and  no  filters,  at  r  =  35.6  cm,  0°  is  plotted  in  Fig.  2.  23.  The  trans¬ 
mission  is  nearly  unity  and  should  be  accurate  to  ±  3%.  The  total  cross 

235 

section  of  depleted  cranium  (.  22  wt  %  U  )  is  given  in  Table  2.  9.  The 
computed  transmission  of  the  depleted  uranium  filter  with  its  polyethylene 
wrapping  is  plotted  in  Fig.  2.24  (200  eV  to  15  MeV).  The  transmission 
correction  is  large,  especially  at  the  lower  energies.  The  estimated 
accuracy  is  ±  12%  from  200  eV  to  100  keV  and  ±  6%  from  100  keV  to  15 
MeV.  The  resonances  at  a  few  keV  had  to  be  included  to  avoid  spurious 
oscillations  in  the  graphite  spectrum.  The  transmission  of  the  enriched 
boron  filter  including  its  aluminum  windows  is  plotted  in  Fig.  2.  25. 
Accuracy  in  the  200  eV-15  MeV  range  is  estimated  at  ±  5%,  except  at  the 
aluminum  resonances.  The  transmission  of  the  flight  path  with  aluminum 
(and  Mylar)  windows  and  no  filters,  as  in  the  thermal  spectrum  measure¬ 
ments  at  r  =  35.  6  cm,  0°,  is  plotted  in  Fig.  2.  26  from  0.  001  eV  to  400 
eV.  Accuracy  is  estimated  at  ±  3%. 

2.  7  SOURCE  NEUTRON  MONITORS 

All  experimental  spectra  aie  normalized  to  a  standard  target  in¬ 
tensity  by  dividing  by  a  number  proportional  to  the  activity  of  a  foil  ir¬ 
radiated  in  a  reproducible  geometry.  The  graphite  experiments  used 
standard  sulfur  pellets,  3.  31  cm  in  diameter  by  0.  95  cm  thick  (18  gm), 
supplied  by  Edgeton,  Germeshausen  and  Grier,  Inc. ,  and  counted  by 

them  at  their  Goleta,  California  laboratory.  The  beta -activity  from  the 
32  32 

S  (n,  p)P  reaction,  with  an  effective  threshold  of  3  MeV  and  effective 
cross  section  of  300  mb,  is  scintillation- counted  at  least  three  times  and 
the  decay-corrected  data  analyzed,  after  making  sure  the  correct  half- 
life  (14.3  days)  is  observed.  Decay  is  corrected  to  the  midpoint  of  the 
exposure  interval.  Exposures  are  typically  1  to  3  hours.  Calibration  is 
obtained  from  a  Cockcroft- Walton  accelerator  exposure  (D-T  neutrons) 
monitored  with  an  associated  particle  counter.  Over-all  systematic 
accuracy  is  specified  at  ±  10%.  However,  we  have  been  informed  by 
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Table  2.  9 

TOTAL  CROSS  SECTION  OF  DEPLETED  URANIUM 


Energy 

(eV) 

1.  5000+07 
1.4000+07 
1.  3000+07 
1.2500+07 
1.2000+07 
1.  1750+07 
1. 1500+07 
1.  1000+07 
1.  0500+07 

1.  0000+07 

5.  5000+06 
9. 0000+06 
8.  5000+06 
8. 0000+06 
7. 5000+06 
7. 2500+06 
7. 0000+06 
6.7500+06 
6. 5000+06 

6.  2500+06 
6. 0000+06 
5.7500+06 
5. 5000+06 
5.  2500+06 
5.  0000+06 
4.7500+06 
4.  5000+06 
4.2500+06 
4. 0000+06 
3.  5500+06 
3.  4500+06 
3.2500+06 
3.  0000+06 
2.7500+06 

2.  5000+06 
2.2500+06 


<7T(b) 

5.9100+00 

5.7400+00 

5.  5700+00 
5. 5000+00 
5.4700+00 
5.4600+00 
5.4700+00 
5.5000+00 
5. 5500+00 
5.6500+00 
5.7800+00 
5. 9200+00 
6. 1100+00 
6. 3000+00 
6. 5000+00 
6.6600+00 

6.  8100+00 
6.9700+00 
7. 1100+00 
7. 2500+00 
7. 3800+00 
7. 5000+00 
7.6200+00 
7. 7300+00 
7.8100+00 
7. 8000+00 
7.9400+00 
7. 9800+00 
7.9900+00 
7. 9900+00 
7.9800+00 
7. 9500+00 
7.9000+00 

7.  8500+00 
7. 7500+00 
7.6300+00 


Energy 

(eV) 

6. 0000+04 
;i.  0000+04 
4. 0000+04 

3.  0000+04 
2. 0000+04 
1. 0000+04 
9. 0000+03 
8. 0000+03 
7. 5000+03 
7. 0000+03 
6. 5000+03 
6. 0000+03 
5. 5000+03 
5. 0000+03 
4. 5000+03 
4. 4000+03 
4. 3000+03 
4. 2000+03 
4. 1500+03 
4. 1000+03 
4. 0000+03 
3. 9000+03 
3.  8000+03 
3.7000+03 
3.  6000+03 
3. 5500+03 
3. 5000+03 
3.4500+03 
3.  4000+03 
3. 3000+03 
3.2000+03 
3. 1000+03 
3. 0000+03 
2.9500+03 
2. 9000+03 
2.8500+03 


<JT(b) 


1.2400+01 
1.2690+01 
1. 2970+01 
1. 3250+01 
1. 3540+01 
1.4000+01 
1.4300+01 
1. 5000+01 
1. 5000+01 
1. 5000+01 
1. 5000+01 
1. 5000+01 
1. 5000+01 
1. 500G+01 
1. 5000+01 
1. 5000+01 
1. 5300+01 
1. 5500+01 
1.6000+01 
2. 0000+01 
1. 8000+01 
1.6500+01 
1. 5000+01 
1. 5000+01 
1. 5400+01 
1.6500+01 
1.6500+01 
1. 5000+01 
1. 5000+01 
1.  5500+01 
1.6000+01 
1.6500+01 
1.6000+01 
1.  5800+01 
1.6000+01 
1.6500+01 
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Table  2.  9  (Continued) 


Energy 

(eV) 

2.  0000+06 
1.7500+06 
1.5000+06 
1.4000+06 
1.3000+06 
1.2000+06 
1. 10C0+06 
1.0000+06 
9. 0000+05 
8. 0000+05 
7.0000+05 
6. 0000+05 
5.  0000+05 
4.5000+05 
4.0000+05 
3.5000+05 
3.  0000+05 
2.7000+05 
2.4000+05 
2. 1000+05 
1.8000+05 
1. 5000+05 
1. 2000+05 
1. 0000+05 
9. 0000+04 
8. 0000+04 
7.0000+04 


aT(b) 


7.4800+00 
7. 3000+00 
7.1000+00 
6.9000+00 
6.8100+00 
6.8000+00 
6.8700+00 
6.9400+00 
7.0700+00 
7.2100+00 
7.3900+00 
7.5800+00 
7.8200+00 
7.9800+00 
8.  1600+00 
8. 4000+00 
8.7000+00 
8.  9400+00 
9.2300+00 
9.5000+00 
9.9900+00 
1. 0490+01 
1. 1030+01 
1. 1450+01 
1.  1690+01 
1. 1910+01 
1.2160+01 


Energy 

(eV) 

2.8000+03 
2.7000+03 
2.6500+03 
2.5000+03 
2.4000+03 
2. 3500+03 
2.3000+03 
2.  2000+03 
2. 1000+03 
2. 0000+03 
1.9500+03 
1.9000+03 
1. 8800+03 
1.8000+03 
1.7000+03 
1.6000+03 
1. 5500+03 
1.5300+03 
1. 5000+03 
1.4200+03 
1. 3800+03 
1. 3200+03 
1.2400+03 
1.2000+03 
1. 1000+03 
1.0500+03 
1. 0000+03 


i 
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<*T(b) 

1.6000+01 
1.5300+01 
2.  1500+01 
1.7500+01 
1.5500+01 
1.4500+01 
1. 5200+01 
1.7500+01 
1.  2000+01 
1.5000+01 
1.7700+01 
1.6000+01 
1.  2500+01 
1.4500+01 
1.  3500+01 
1.  5500+01 
1.  3500+01 
1.2500+01 
1.4000+01 
1.2700+01 
1.6000+01 
1. 3500+01 
1. 5500+01 
1.  5500+01 
1.  5500+01 
1.5500+01 
1. 5500+01 


) 
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Fig.  2.  25 --Transmission  of  the  boron-aluminum  filter 


E.G.G.  that  the  relative  activation  of  foils  measured  within  a  3-month 

period  is  accurate  to  about  1%,  taking  into  account  the  systematic  error 

due  to  counter  drift.  Statistical  errors  in  counting  are  in  addition  to 

2 

this  and  are  quoted  along  with  the  fluence,  nvt  n  cm  ^  3  MeV  based  on 
the  standard  cross  section. 

As  a  backup  in  case  of  loss  of  the  sulfur  normalization,  we  also 
exposed  and  counted  at  General  Atomic  an  aluminum  rod  1.  59  cm  in 
diameter  and  4.45  cm  long  (in  the  fast  spectrum  assembly)  or  a  1.  28  cm 
diameter  by  0.  00254  cm  thick  copper  foil  held  at  the  lower  end  of  a  simi¬ 
lar  aluminum  rod  (in  the  thermal  spectrum  assembly).  We  found  that 
the  activity  counted  in  the  aluminum  appeared  to  be  mostly  due  to  impuri¬ 
ties,  probably  copper,  hence  we  changed  to  copper  foils  in  the  later 
experiments. 

A  cross  section  of  the  monitor  foil  stringer  and  its  relation  to 
the  target  is  shown  in  Fig.  2.27  and  the  sulfur  monitor  results  are  listed 
in  Tables  2.  10  and  2.  1  1. 

2.  8  DATA  REDUCTION  AND  RESULTS 

The  graphite  spectrum  measurements  are  summarized  in  Tables 
2.  10  and  2.  11. 

The  data  is  obtained  as  counts  per  time  channel  vs  channel  num¬ 
ber.  First  the  data  is  reduced  with  the  code  HECTO.^  Briefly,  the 
code  performs  the  following  operations.  The  flight  time  corresponding 
to  the  middle  of  the  time  channel  is  calculated  and  converted  to  energy 
f  rom 


5.  2268  x  10'7  L2 


(t-t0> 


E<eV) 


(2.2) 


SULFUR  ALUMINUM 


(DIMENSIONS  IN  CM) 


Fig.  2. 27 --Monitor  geometry 


Table  2.  10 

SUMMARY  OF  FAST  AND  INTERMEDIATE 
SPECTRUM  MEASUREMENTS 


Burst 

S 

Monitor 

Date 

Run 

Radius 

Angle 

Precoll. 

Detector 

Filler 

(nsec) 

Monitor 

M 

5-17 

001 

20.3 

0° 

6.35 

NE226 

U+B10 

100 

1.00*.  01(10) 

1000. 

002 

20.  3 

0° 

6.35 

NE211 

U 

20 

1.20*.  01(10) 

1200. 

003 

35.6 

0° 

6.35 

NE211 

u 

20 

4. 91*.  08(10) 

4910. 

5-20 

001 

35.6 

0° 

6.35 

NE213 

u 

20 

5. 46*.  05(9) 

546. 

002 

35.6 

0° 

6.35 

NE226 

U+B10 

50 

5.  2 ldb.  03(10) 

5210. 

003 

50.8 

0° 

6.35 

NE226 

U+B10 

50 

1.17*.  01(11) 

11700. 

004 

50.8 

0° 

6.35 

NE213 

U 

20 

3.18*.  01(10) 

3180. 

5-21 

005 

66.0 

0° 

6.35 

NE213 

u 

20 

4.  32*.  04(10) 

4320. 

006 

66.0 

0° 

6.35 

NE226 

U+B10 

50 

4.62*.  03(10) 

4620. 

008 

35.6 

© 

O 

6.35 

NE226 

B10 

100 

9.  47*.  01(10) 

9470. 

009 

35.6 

60° 

6.  35 

NE226 

U+B10 

100 

2.  85*.  01(10) 

2850. 

010 

35.6 

60° 

6.35 

NE213 

U-t  B*° 

50 

4.  67*.  01(10) 

4670. 

5-24 

001 

35.6 

60° 

2.21 

NE226 

B10 

100 

9.  50*.  07(10) 

9500. 

002 

50.8 

37° 

6.35 

NE226 

B10 

100 

9.  04*.  04(10) 

9040. 

003 

50.8 

37° 

6.35 

NE213 

None 

20 

2.7  *.  1  (10) 

2700. 

5-27 

001 

20.3 

30° 

6.35 

NE213 

None 

20 

4.5  *.l  (9) 

450. 

002 

20.  3 

30° 

6.35 

NE226 

B10 

50 

5.  32*.  02(9) 

532. 

^003 

>5 

20.3 

35.6 

30° 

17° 

6.35 

6.35 

NE226 

NE226 

U+B*0 

B10 

50 

100 

6.  80*.  02(10) 

3.  30*.  01(10) 

6800. 

3300. 

006 

35.6 

17° 

6.35 

NE213 

None 

20 

1.47*.  01(10) 

1470. 

007 

50.  8 

12° 

6.35 

NE213 

None 

20 

2.86*.  01(10) 

2860. 

008 

5  3.8 

12° 

6.35 

NE213 

U 

20 

6.59*.  02(10) 

6590. 

009 

jO.  8 

12° 

6.35 

NE226 

B10 

100 

1.02*. 01(11) 

10200. 

5-28 

010 

35.6 

35° 

6.35 

NE226 

B10 

100 

8. 69*.  03(10) 

8690. 

on 

35  6 

35° 

6.35 

NE213 

None 

20 

3.  38*.  02(10) 

3380. 

012 

35.6 

35° 

6.35 

NE213 

U 

20 

3.  27*.  02(10) 

3270. 

013 

50.8 

24° 

6.35 

NE213 

U 

50 

9.48*.  03(10) 

9480. 

01 

50.8 

24° 

6.35 

NE226 

B10 

100 

1.23*. 01(11) 

12300. 

Table  2.  11 


SUMMARY  OF  BF^  THERMAL  SPECTRUM  MEASUREMENTS 


Background  Burst  S  M 


Date 

Run 

Radius 

Angle 

Plug 

c 

Monitor 

Monitor 

7-22 

001 

50.8 

0° 

out 

2.0 

1.884.01  (10) 

1880 

002 

50.8 

0° 

in 

2.0 

1.  52±  .  03  (10) 

1520 

003 

35.6 

0° 

out 

1.0 

9.  4  ± .  2  (9) 

940 

004 

35.6 

0° 

in 

1.0 

8.87  ±.09  (9) 

887 

005 

20.3 

0° 

out 

0.5 

4. 9  ± .  1  (9) 

490 

006 

20.3 

0° 

in 

0.5 

4.  4  ±  .  1  (9) 

440 

7-25 

001 

50.8 

99° 

out 

2.0 

1.  52±.  01(10) 

1420 

002 

50.8 

90° 

in 

2.0 

1.89±.  01(10) 

1890 

7-26 

003 

50.8 

O 

o 

O' 

out 

4.5 

3.  10±.  01(1 1) 

-- 

004 

35.6 

>o 

o 

o 

out 

1.2 

1.  lldk.Ol/’O) 

1110 

005 

35.6 

90° 

in 

1.2 

1.21±. 01(10) 

1210 

006 

20.3 

90° 

out 

0.4 

2.  36±.  08(9) 

-- 

7-28 

001 

20.3 

90° 

in 

0.4 

2. 79±.  03(9) 

279 

002 

20.3 

sO 

© 

o 

out 

0.4 

2.  63±.  07(9) 

263 

57 


where  L  is  the  flight  distance  (cm),  t  is  in  milliseconds,  and  t^  is  the 
zero-time,  including  any  mean  emission  time  and  detection  time  delay. 
The  counts  are  corrected  for  deadtime  and  the  deadtime  corrected  back¬ 
ground  is  subtracted  from  the  data.  The  number  of  neutrons  per  eV  is 

found  from  the  relationship  C(E)AE  =  C(t)At  where  At  is  the  channel 

c  c 

width.  Then  C(E)  is  divided  by  S(E)  =  G(E)  T(E),  where  G(E)  is  the  in¬ 
trinsic  detection  efficiency  already  discussed  and  T(E)  the  flight  path 
transmission.  We  now  have  N'(E),  the  number  of  neutrons  per  eV  which 
would  be  incident  on  the  detector  if  T  =  1,  versus  E.  To  normalize  co 
the  source  intensity  and  the  length  of  irradiation,  the  published  output 
is 


N(E) 


N'(E) 

M 


(2.3) 


where  Mis  a  number  proportional  to  the  time-integrated  irradiation  (the 

fluence  given  by  the  3ulfur  pellet  in  the  graphite  experiment). 

In  addition  to  the  channel- by- channel  reduced  data,  the  code 

groups  and  prints  the  average  N(E)  in  several  adjacent  channels,  the 

first  grouping  to  satisfy  an  energy  resolution  criterion  specified  by  the 

experimenter.  This  may  be  either  AE/E  =  constant,  or  AE/E  propor- 

1/2 

tional  to  E  ,  which  corresponds  to  the  case  when  the  time  uncertainty 

-1/2 

At  is  fixed,  since  the  flight  time  t  is  proportional  to  E  .  Further 
grouping  is  done  if  the  average  N(E)  does  not  meet  a  second  criterion, 
viz.  the  statistical  error  DELTA(N)/N  less  than  a  specified  value.  The 
statistical  error  includes  the  statistical  error  in  the  background. 

The  quantity  of  interest  is  the  angular  flux^)(£,  E,  12),  the  num¬ 
ber  of  neutrons  at  position  r,  per  eV,  per  steradian.  per  second,  which 
2 

cross  a  1  cm  area  perpendicular  to  the  direction  £2.  The  number  of 
neutron  incident  on  the  detector  (for  T  =  1),  per  eV,  is 


58 


N'(E) 


(2.4) 


■  •#  r,  E, «)  dSMA 

where  t  is  the  run  time.  The  dependence  on  t  and  on  the  source  in- 
R  R 

tensity  S  n/sec,  is  removed  by  referring  to  the  number  of  monitor 
counts 


M  =  kStR  (2.5) 

where  k  is  a  calibration  constant.  The  angular  flux  can  be  removed 
from  the  integral  by  considering  an  average  value,  and 


(2.6) 


the  geometrical  factor  discussed  in  Section  2.6  and  listed  in  Table  2.7. 

2 

Final  results  for  N(E)  divided  by  (A  /L  )rj  A  are  given  in  Appendix  B. 

Cl  s 

Thus  all  experimental  results  are  reduced  to  angular  flux  per  unit  sulfur 
monitor  fluence. 

The  0°  fast  neutron  spectra  are  plotted  in  Fig.  2.  38  for  the  dif¬ 
ferent  radii.  The  boron  detector  spectra  are  not  plotted  because  they 
must  be  corrected  further  for  background,  as  discussed  later.  The  0° 
thermal  neutron  spectra  (BF^  detector)  are  plotted  in  Fig.  2.  29  and  the 
90°  spectra  in  Fig.  2.  30. 

The  spectrum  from  200  eV  to  10  MeV  at  r  =  20.  3  cm,  3C°  is 
plotted  in  Fig.  2.31.  The  spectra  at  r  =  35.6  cm  and  the  various  angles 
are  plotted  in  Fig.  2.  32  from  200  eV  to  10  MeV,  except  at  0°.  The  high 
energy  spectra  at  r  =  50.  8  cm  are  similarly  plotted  in  Fig.  2.  33. 

Additional  measurements  and  discussion  of  all  results  are  in¬ 
cluded  in  Section  6. 
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Fig.  2.  28--Fast  neutron  tpectra  at  0  vs  radius 
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Fig.  2.29 


Thermal  neutron  spectra  at 


vs  radius 
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CftcatT  (iv) 


Fig.  2.  31--High  energy  spectrum  at  20.  3  cm 
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INCUT  <CV) 


Fig.  2.  32--High  energy  spectra  at  r  =  35.  6  cm 
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3.  DIEAWAY  EXPERIMENT  AND  MEAN  EMISSION  TIME 


In  our  large,  unpoisoned  graphite  stack,  the  mean  emission  time 
(MET)  of  thermal  neutrons  is  quite  long.  For  a  pure  fundamental  mode 
the  MET  approaches,  at  certain  energies,  0.  15  times  the  neutron  time  of 
flight  (T-O-F)  for  a  50-m  flight  path.  In  off-center  measurement  positions 
the  ratio  can  easily  be  as  high  as  0.25  (cf.  Fig.  3.  1).  Thus  a  10%  error 
in  the  determination  of  the  MET  will  result  in  an  error  of  up  to  5%  in  the 
neutron  energy  assigned  to  a  certain  time  channel,  and  the  error  further 
distorts  the  measured  spectrum  when  reducing  the  data  with  a  detector 
sensitivity  curve  shifted  in  energy.  (A  10%  error  in  the  determination  of 
the  MET  is  not  unlikely  since  it  changes  very  rapidly  with  energy,  precisely 
in  the  .  1  eV  region,  where  MET/TOF  is  largest.)  For  these  reasons,  a 
careful  determination  of  the  MET  was  undertaken  in  the  present  experi¬ 
mental  program.  As  a  byproduct,  information  about  the  time  spread  of 
the  neutron  emission  was  obtained,  which  was  applied  to  evaluate  the 
energy  resolution  of  the  measured  spectra. 

The  MET  was  determined  at  the  positions  of  the  T-O-F  measure- 
ments  by  the  following  steps: 

5 

1.  Measurements  of  the  neutron  dieaway 

2.  Approximate  modal  analysis  of  the  results 

3.  Evaluation  of  the  absorption  cross  section 

4.  Calculation  of  the  slowing  down  time  with  the  contin¬ 
uous  slowing  down  model. 

5.  Calculation  of  the  migration  time  (mean  value  and  standard 
deviation)  for  the  fundamental  mode  by  the  time  moments 
method  with  the  GATHER-II  code  (101  groups  for  energies 
from  1 .  55  eV  down). 


(OJSOMDIW)  )M! 1 
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6.  Evaluation  of  the  spatial  dependence  of  the  MET. 


3.  1  NEUTRON  DIEA WAY  MEASUREMENTS 

The  time  dependence  of  the  thermal  neutron  population  was  mea¬ 
sured  at  the  four  locations  in  the  graphite  stack  where  neutron  spectrum 
measurements  were  made  (20.  3  cm,  35.  6  cm,  50.  8  cm,  and  66  cm 
radius).  The  graphite  stack  setup  was  the  same  as  for  the  90°  spectrum 
measurements.  In  every  case  the  detector  was  located  against  the  bottom 
wall  of  the  3.81  cm  diameter  reentrant  hole.  A  block  diagram  of  the 

electronics  used  is  shown  in  Fig.  3.  2.  The  detector  was  a  0.  63-cm  diame- 

235 

ter,  2.  5  cm  active  length  fission  chamber  internally  coated  with  U  .  It 

235 

is  well  known  that  the  practical  U  thickness  limitation  on  these  detec-  / 

tors  is  imposed  by  the  fission  fragment  range.  Even  a  "thick"  2  mg 
2 

detector  kas  a  negligible  effect  due  to  self- shielding  on  the 
energy  dependence  of  its  thermal  neutron  sensitivity:  1%  on  radially  inci¬ 
dent  0.  002  eV  neutrons.  The  discriminator  was  set  in  the  valley  in  the 
pulse  height  spectrum  between  the  noise  and  the  fission  fragment  pulses. 
The  time  distributions  of  the  pulses  after  the  Linac  burst,  obtained  with  a 
TMC  1024-cnannel  analyzer,  are  shown  in  Fig.  3,3.  Ten  jjsec  channels 
were  used  with  a  10-|jsec  lapse  between  channels  to  allow  for  storage  in 
the  computer  memory.  The  time  analyzer  was  started  by  the  injector 
trigger  of  the  Linac  (t  =  0),  coincident  with  the  electron  burst.  The  lead¬ 
ing  edge  of  the  first  channel  occurs  18  jjsec  thereafter. 

The  Linac  pulse  repetition  rate  was  increased  to  30  pps;  in  the 
thermal  spectrum  measurements  it  had  to  be  lower  to  avoid  pulse  over¬ 
lap  due  to  the  long  TOF  of  the  lower  energy  neutrons.  In  all  the  runs  the 
electron  burst  width  was  very  short,  20  nsec  or  less;  the  electron  energy 
was  the  same  as  in  the  T-O-F  runs,  28  MeV,  and  the  current  was  low 
enough  to  keep  the  deadtime  count  losses  below  1%  in  all  the  time  channels 
used  for  the  decay  constant  computation. 
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TIME  (MILLISECONDS) 

Fig.  3.  3- -Neutron  dieaway  measurements 


A  constant  background  for  every  run  (which  includes  counts  from 
neutrons  from  previous  bursts)  was  determined  at  long  times  after  the 
Linac  pulse,  and  subtracted  from  the  data. 


3.  2  APPROXIMATE  MODAL  ANALYSIS  OF  THE  RESULTS 


235 

The  time  distribution  of  the  U  fission  detector  count  rate 


t 


C(t)  =  k  /af(E)<p(E,t)dE-  k 


•  A«p(  E, 
E 


t)dE  =  k'n(t) 


is  .seen  to  be  approximately  (except  for  non  1  v  behavior  of  ^(E))  propor¬ 
tional  to  the  thermal  neutron  population  n(t).  The  data  were  analyzed  with 
(9) 

the  code  GAPS.  The  least-squares  fit  to 

C(t)  =  C  e‘xt  f  i.  1 1 

o 


resulted  in  the  values  shown  in  Table  3.  1  for  >v.  its  standard  deviation 
and  C  .  for  different  ranges  of  time  after  the  Linac  burst.  It  is  worth 


noting  that  the  i.  valves  in  our  experiment  are  well  below  (v>  )  .  2600 

-1(10)  -1  (8)  min 
sec  ,  or  even  (v£)  .  =  1000  sec  for  graphite,  7  and  that  the  waiting 

min 

times  after  the  Linac  burst  are  safely  above  the  recommended  value  of 

,  (12,13) 

2  msec. 


To  thoroughly  understand  the  position  and  time  dependence  of  the  a* 

■*.  values,  a  qualitative  picture  was  drawn  of  the  contributions  of  the  first 

four  "longitudinal  "  modes  (those  along  the  162  cm  axis),  act  ording  to  Un- 

source  and  detector  positions  in  the  graphite  assembly  (see  Fig.  3.4). 

Along  the  112  cm  axes,  the  source  and  detector  are  centered,  so  that  only 

the  fundamental  and  higher  odd  modes  will  be  present. 

The  constancy  of  \  in  the  20.  3  cm  radius  position,  after  2.  8  msec, 

shows  that  only  the  first  longitudinal  mode  is  observed  there  at  long  times. 

Hence,  ^  (i .  e.  ,  the  value  of  \  for  the  1  1  1  mode)  is  taken  as  (478.  4  i  1  .  <) 
-1 

sec 
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Table  3.  1 

EXPONENTIAL  FIT  PARAMETERS  FOR  C(t) 


Position 

Time  range 

msec 

X 

-1 

sec 

j 

-1 

sec 

msec 

co 

20.3  cm, 

90° 

2.8  to  12 

478.4 

1.  3 

2.  090 

7578. 

2.8  to  4.  9 

475.6 

4.4 

2.  103 

7823. 

4.9  to  7.  8 

460.  6 

5.  1 

2.  171 

6818. 

7.8  to  12. 

481. 1 

7.  6 

2.  079 

7692. 

35.6  cm, 

90° 

3.  to  12. 

452. 7 

1.2 

2.209 

11745. 

3.  to  4 . 8 

428.2 

4.  8 

2.  336 

10635. 

4.8  to  7.  4 

444.2 

5.4 

2.251 

11390. 

7.4  to  12. 

483.0 

4.  3 

2.  070 

15093. 

50.  8  cm, 

90° 

5.5  to  12. 

453.  6 

1 . 6 

2.  204 

27431. 

5.  5  to  7.  6 

424.  5 

5.  7 

2.  356 

22748. 

7.  6  to  9.  6 

459.0 

6.  5 

2.  179 

29145. 

9.6  to  12 . 

488.4 

9.  4 

2.048 

38b05. 

66. 0  cm, 

90° 

5.8  to  11.2 

433.2 

2.2 

2.  308 

17309. 

5.  8  to  8.  2 

411.4 

5.  1 

2.431 

149bl. 

8.2  to  11.2 

444.  5 

6.  4 

2.250 

19133. 

This  value,  with  the  X  and  2  calculated  as  described  in  Section 

v  r  sl 

3.3,  results  in 


(\  )  1  =2.09  msec 

-1 

(/.£  j  j)  =1.37  msec 

(\  , .  ,)  =  0.  87  msec 

- 1 

(>  =0.57  msec 


(X  .)  =  0.  58  msec 

iji  _  l 

(^23  1 )  =  51  msec 

(X  )  1  =  0.  42  msec 
_  1 

(X43  j)  =  0.  34  msec 


<W 

^33* 

(>.333) 

(\ 


-1 

-1 


-1 


-  i 


‘433 


0.  34  msec 
0.  31  msec 
0.  28  msec 
0.  24  msec , 


where  the  first  subindex  corresponds  to  the  longitudinal  mode. 
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1ST  MODE 


Qualitative  picture  of  the  contributions  of  the  first  four  axial  modes 


The  preceding  qualitative  and  numerical  information  suggested 
analyzing  the  dieaway  at  35.  6  cm,  50.  8  cm,  and  66.  0  cm  radius  in  terms 
of  two  longitudinal  (z-axis)  modes,  thus 

^lll1  ”^211* 

n(z,t)=cH1e  cosBniz+c211e  cosB^z  (3.2) 

where  Bjjj  and  j  j  are  the  square-roots  of  the  buckling  for  the  two 
modes  (calculated  from  the  extrapolated  dimensions).  At  35.  6  cm  and 
50.  8  cm  the  dieaway  eventually  reaches  the  fundamental  (first)  mode  and 
the  coefficient  cjji  can  be  evaluated.  Subtracting  the  counting  rate  that 
follows  the  first  mode  decay  from  the  total  counting  rate  at  early  times, 
we  can  evaluate  Then  at  intermediate  times  the  difference  between 

the  measured  counting  rate  and  that  calculated  from  Eq.  3.  2  is  a  measure 
of  the  accuracy  of  the  two-mode  description.  Table  3.2  gives  the  results. 
The  measured  counting  rates  at  each  radius  are  normalized  for  convenience. 
The  differences  between  calculated  and  measured  values  are  sufficiently 
small  to  indicate  the  adequacy  of  the  two-mode  analysis  for  times  greater 
than  3  msec  (35.6  cm)  or  5.5  msec  (50.8  cm). 

At  66.0  cm  the  dieaway  reached  background  before  the  pure  first 
mode  was  established.  In  this  case  the  separation  into  modes  was  accom¬ 
plished  by  taking  c?j  ^  /c  ^  =  0.50,  the  same  as  at  35.  6  cm.  (The  ratio 
should  be  constant,  but  at  50.  8  cm  it  was  0.  46,  since  the  two-mode 
description  is  not  exact.) 
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Table  3.  2 


COMPARISON  OF  TWO- MODE  DESCRIPTION  OF  THERMAL  NEUTRON 


POPULATION  DIEAWAY  WITH  MEASURED  VALUES 
R  =  35.6  cm 


Time  (msec) 

Measured 

First  mode 

Second  mode 

1st  and  2nd 
modes 

Difference 

% 

3.0 

65.8 

msm 

-10.7 

65.5 

0 

4.8 

29.9 

- 

29.5 

-1 

7.4 

9.4 

- 

9.0 

-4 

12.0 

1.00 

■■ 

- 

1.03 

3 

R  =  50.  8  cm 


Time  (msec) 

Measured 

First  mode 

Second  mode 

1st  and  2nd 
modes 

Difference 

% 

5.  5 

19.8 

22.8 

-3.  0 

19.8 

0 

7.6 

8.  1 

- 

- 

7.85 

-3 

9.6 

3.23 

- 

- 

3.08 

-5 

12.0 

1.00 

- 

- 

1.00 

0 

R  =  66.  0  cm 


Time  (msec) 

Measured 

First  mode 

Second  mode 

1  st  and  2nd 
modes 

Difference 

% 

5.8 

10.2 

12.5 

-2.  3 

10.2 

0 

8.2 

3.  82 

i 

- 

3.  62 

-5 

11.2 

1.00 

- 

- 

0.92 

-8 

3.  3  EVALUATION  OF  THE  ABSORPTION  CROSS  SECTION 


As  usual,  the  absorption  cross  section  of  the  graphite  could  not 
be  computed  to  the  needed  degree  of  precision  from  chemical  analysis. 

It  was  therefore  calculated  from  the  expression  for  the  fundamental  mode 
decay  constant  X^^  on  pages  215  and  220  of  Ref.  (14). 

X,,,  =  +  (d7)  B2  -  CB4  +  FB6  +  .  ..  (3- 3) 

111  a  o 
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where: 


B  is  the  geometrical  {fundamental  mode)  buckling, 

C  is  the  diffusion  cooling  constant, 

F  is  the  coefficient  of  the  third  degree  term  in  the  poly¬ 
nomial  approximation  for  X^  ^  ^  =  X^ 

vSa  is  the  average  value  of  the  product  vLa,  which  is  in¬ 
dependent  of  the  spectrum  unless  Ea  does  not  depend  on 
energy  as  1/v, 

(Dv)0  is  the  average  value  of  the  product  Dv  for  a  Max¬ 
wellian  neutron  distribution  with  a  temperature  equal  to 
the  temperature  of  the  moderator. 

Xjjj  =  478.  4  ±  1.3  sec  *  (from  Section  3.2). 

_3 

The  density  of  our  graphite  was  taken  to  be  (1.66)  gem  ,  and  the 

o  —  5-1 

measurements  were  made  at  25  C,  i.  e. ,  for  v  =  2.  50  x  10  cm  sec 

A  value  of  X  -  2.50  r  n  was  used,  obtained  by  reducing  to  the 

density  of  our  graphite  the  average  of  Tables  3.  10  and  3.  12  of  Ref.  (15). 

2  -2 

From  this  extrapolation  distance  €  =  1.77  cm,  and  B  =  .001890  cm 
Then,  using  the  values  appropriate  to  our  temperature,  density,  and 
buckling  range, 

1.  E  =  (38.  2  ±  2.  5)  x  10  ^  cm  ^  with  (Dv)  and  C  from 

a  o 

the  three  parameter  analysis  of  Ref.  12. 

2.  E  =  (38.  2  ±  2.  5)  x  10'^  cm"*  with  (Dv)  ,  C  and  F 

a  o 

from  the  four  parameter  analysis  of  Ref.  12. 

3.  E  =  (39.  2  ±  1.  5)  x  10  ^  cm  *  with  (Dv)  and  C  from 

a  o 

the  three  parameter  analysis  of  Ref.  13. 

A  value  of  E  =  (38.  8  ±  2.  5)  x  10  ^  cm  *  was  chosen.  (Note  that  with  the 
a 

value  of  D  =  0.  833  cm,  this  corresponds  to  a  diffusion  length  L  =  46.  4  cm. 

At  0.  025  eV,  a  -  5.  3  ±  0.  4  mb  compared  to  pure  carbon  a  =  3.  4  ±  0.  2  mb. 
a  a 

The  difference  may  be  explained  by  0.  25  mb  absorption  due  to  nitrogen  in 
the  pores,  0.  85  mb  from  1  ppm  boron,  and  about  0.  15  mb  equivalent  from 
neutrons  absorbed  in  the  target. 
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3.4  CALCULATION  OF  THE  SLOWING -DOWN  TIME 


In  the  energy  region  well  above  thermal,  where  no  upscattering 
is  possible,  the  leakage  effect  was  neglected  for  the  calculation  of  the 
slowing- down  time.  This  is  a  usual  and  justified  assumption,  since  for 
carbon  and  for  our  fission-type  source  spectrum: 

1.  There  is  practically  no  inelastic  scattering  below  4.43 
MeV,  the  first  excited  state  of  C^  (the  first  excited 
state  of  C^,  a  .  1 1%  in  abundance,  is  3.09  MeV). 

2.  Since  a  =  0.716  all  neutrons  which  have  slowed  down  to 
energy  E  have  at  least  suffered  (except  for  inelastic  scatter¬ 
ing)  one  collision  at  an  energy  E'  ^  E/a  <  1.4  E;  and  since 
the  cross  sections  are  very  smooth  below  2  MeV  down  to 
the  thermal  region,  the  leakage  probabilities  do  not  vary 
appreciably  within  all  the  possible  histories  which  can  lead 

a  neutron  to  have  energy  E. 

Hence,  the  average  time  for  a  neutron  to  slow  down  to  energy  E 
is  not  affected  by  the  dimensions  of  the  graphite  stack  to  a  good  approxi¬ 
mation. 

The  mean  slowing -down  time  was  calculated  then  for  pure  elastic 
scattering  in  an  infinite  medium  with  the  formula  from  page  172  of  Ref.  (14) 
with  a  correction  for  the  velocity  Vq  corresponding  to  the  average  neutron 
source  energy,  taken  as  2  MeV: 


A(A+2)  A  _1_\ 

(a  +  |)rs  v  vq/ 


(3.4) 


where  £  is  the  average  macroscopic  scattering  cross  section, 
s 

The  value  of  the  ratio  of  the  standard  deviation  of  t„  to  <t„>  is 

^  EE 

independent  of  E.  From  the  same  source: 


<tE> 


(A+4)(A+j) 


-  1 


L  (A+2) 


1/2 


(3.5) 
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For  graphite,  a/<t  >  =0.  185  gives  a  measure  ol*  the  relative  dispersion 
in  the  time  of  moderation  to  energy  E. 

The  calculation  with  Eq.  (3.4)  was  performed  for  the  energy  range 
between  the  average  source  energy  (2  MeV)  and  the  source  energies  for 
the  GATHER- TT  calculation  discussed  in  Section  3.5. 

Estimated  ranges  for  systematic  errors  are  as  follows: 


Above  1 

MeV 

±  100% 

0.5 

MeV 

± 

50% 

0.25  MeV 

± 

25% 

0.  1 

MeV 

± 

15% 

30 

keV 

± 

10% 

10 

keV 

± 

8% 

3 

keV 

± 

5% 

Below  1 

keV 

± 

3% 

In  the  first  few  values,  the  main  source  of  error  lies  in  not 
having  considered  the  energy  distribution  of  the  source  neutrons.  In 
the  others,  the  error  is  attributed  to  the  uncertainty  of  the  calculation. 
However,  che  mean  emission  time  in  this  range  is  small  compared  to  the 
time -of- flight  (cf.  Fig.  3.  1),  and  there  are  other  more  important  sources 
of  error. 

3.  5  CALCULATION  OF  THE  MIGRATION  TIME  FOR  THE 
FUNDAMENTAL  MODE 

The  principles  of  the  time  moments  method  for  the  calculation  of 
migration  times  are  described  elsewhere .  ^  ^  The  code  GATHER-II,  in¬ 
corporated  into  the  code  GGC-EI,  was  used  to  calculate  the  neutron 

2 

flux  and  its  first  and  second  time  moments,  <t>  and  <  t  >,  as  a  function 
of  energy,  in  the  Pq  approximation.  The  code  worked  on  101  energy  points 
from  1.55  to  0.001  eV  with  cross  sections  from  the  "3E  92PT  GASKET" 
tape  for: 
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1.  Graphite  at  300  K  (the  temperature  in  our  experiment 
was  actually  298.  2°K)  including  scattering  data  from 
Ref.  (18). 

2.  A  1/v  absorber,  no  scattering,  to  account  for  the  excess 
of  aa  for  the  graphite  used  in  the  measurements  over  aa 
for  graphite  in  the  tape.  The  energy  dependence  of  the 
different  values  of  aa  was  taken  into  account. in  assigning 
an  atom  density  to  this  absorber. 

2  -2 

The  buckling  B  =  0.001890  cm  (from  Section  3.3)  was  used.  The 
source  term  was  calculated  by  the  code,  assuming  a  1/E  epithermal  flux. 

No  appreciable  difference  in  computer  running  time  was  observed  when 
using  a  flux  guess  cp  =  1  or  the  output  of  a  previous  similar  problem. 

The  first  time  moment  calculated  by  the  code,  plus  the  slowing  - 
down  time  to  the  source  energy,  is  the  MET  as  a  function  of  energy  for  the 
fundamental  mode.  Sin^e  the  source  is  spread  over  several  energy  groups 
between  1 . 55  and  1.15  eV  2*  ql  (1.55  eVJ^a  weighted  average  of  the  corres¬ 
ponding  mean  slowing  down  times. was  used. 

/  2  2 

The  standard  deviation  of  the  emission  time,  G  =/<t  >  -  <  t>  , 

am 

and  the  ratio  of  the  standard  deviation  to  the  MET  and  TOF  was  determined 
for  a  few  energy  values  with  the  results  shown  in  Table  3.3.  The  high 
values  of  this  ratio  in  the  0.15  eV  region  seriously  limit  the  energy  resolu¬ 
tion  in  that  area.  However,  this  only  happens  to  such  a  degree  in 
unpoisoned  graphite  measurements,  and  then  the  spectrum  is  smooth. 
Obviously,  when  a  poison  is  present,  the  emission  time,  and  hence  a  are 
very  much  shortened;  and  for  a  fixed  flight  path  length  a ein/TOF  is  smaller 
and  the  energy  resolution  considerably  improved. 
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Table  3.  3 


STANDARD  DEVIATION  OF  THE  EMISSION  TIME 
FOR  THE  FUNDAMENTAL  MODE 


Energy  -'em 


eV 

msec 

em  MET 

em;  TOF 

0. 0022 

2.  16 

0.77 

.  028 

0.010 

2.07 

0.  84 

.  058 

0.  095 

1.93 

1.  18 

.  168 

0.  130 

1.82 

1.  38 

.  184 

0.  150 

1.72 

1.  55 

.  187 

0.  170 

1.58 

1.78 

.  184 

0.  200 

1.  31 

2.24 

.  164 

0.245 

0.84 

3.21 

.  117 

0.  305 

0.  374 

3.91 

.  058 

0.995 

0.005 

0.  18 

.  001 

3.  b  SPATIAL  DEPENDENCE  OF  THE  MEAN  EMISSION  TIME 

Before  choosing  the  method  for  describing  the  spatial  dependence 
of  the  MET,  let  us  consider  the  consistency  of  the  two  sets  of  data  available 

1 .  The  "calculated"  v  t>  as  a  function  of  energy  from  the 
GATHER 'II  code,  as  discussed  in  Section  3.  5.  These 
values  are  based  on  the  geometrical  buckling  in  the 
fundamental  mode  of  our  graphite  stack,  and  on  a 

£a  resulting  from  the  measured  dieaway  constant  j » 
as  discussed  in  Sections  3.  2  and  3.  3.  It  should  be 
recalled  that  GATHER-II  is  an  infinite -medium  code, 
and  it  furnishes  the  flux  and  its  time-moments  for  a 
pure  spatial  mode  in  the  Pq  approximation. 

2.  The  "measured"  time -dependent  flux,  energy-integrated 
by  the  detector,  as  a  function  of  position. 

In  order  to  compare  the  two  sets  of  data,  the  "calculated"  first 

time  moment  (the  MET)  was  averaged  in  energy  with  the  corresponding 

235 

flux  calculated  by  GATHER-II,  multiplied  by  the  U  fission  cross  section 
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as  the  weighting  function.  The  resulting  energv-averaged  MET  is  given 
in  the  first  line  of  Table  3.  4.  The  following  four  lines  show  the  effect  on 
the  energy-averaged  MET  of  varying  several  parameters  in  its 
calculation. 

The  "measured"  energy-averaged  MET  (also  designated  by  <MET>) 
for  each  of  the  four  detector  locations  includes  contributions  from  several 
spatial  modes.  The  values  listed  in  Table  3.  4  were  computed  by  properly 
integrating  the  time  distributions  plotted  in  Fig.  3.  3.  In  the  last  line  of 
the  table,  the  value  of  (X^^)  *  is  considered  to  be  the  <  MET>  for  a  pure 
fundamental  mode. 

There  is  a  discrepancy  of  7%  between  the  1. 95  msec  from  the  first 
line  of  the  "calculated"  <MET>  and  the  2.  09  msec  of  the  last  line  for  the 
"measured"  <MET>.  Several  possible  reasons  for  the  discrepancy  were 
investigated: 

1.  It  would  be  inconsistent  to  use  the  graphite  absorption 
cross  section  from  the  "BE  92P7  GASKET"  tape, 
instead  of  the  diffusion- cooling  corrected  cross  sec¬ 
tion  as  measured  in  our  stack.  However,  it  is  worth 
noting  that  if  the  GASKET  cross  section  were  used, 

it  would  bring  the  "calculated"  value  to;  within  1% 
of  the  "measured"  value. 

2.  A  reduction  in  the  buckling  of  1%  (corresponding  to  in¬ 
creasing  all  three  extrapolated  dimensions  of  the  stack 
by  0.  5  cm)  would  incre  ase  the  "calculated"  value  by 
only  1%. 

3.  A  reduction  of  the  diffusion  coefficient  by  1%  would 
have  the  same  effect. 

4.  Use  of  cp(E)v  *  as  weighting  function  instead  of  the 
proper  one  would  increase  the  "calculated"  value 
by  1%. 

Examination  of  the  dieaway  experiment  showed  that: 

1.  As  explained  in  Section  3.1,  the  self^shielding  effect 
of  the  detector  is  negligible. 
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Table  3.  4 


MEAN  EMISSION  TIME  VALUES  AVERAGED  IN  ENERGY 


"Calculated"  Values,  Integrated  from  GATHER  II  MET(E)  Plus  Slowing 

Down  Time  (Fundamental  Mode) 


2  -2 

B  (cm  ) 

a  (.025  eV)  (mbarn) 

Si 

Weight  function 

<  MET>  (msec) 

. 001890a 

5.  33a 

?(E)af(E) 

1.95 

. 001890a 

4.  65b 

q>(E)crf(E) 

1.99 

.  00 1 89  0a 

3.42° 

<p(E)af(E) 

2.07 

.  001875 

3.42C 

=p(E)0f(E) 

2.09 

.  00 1 89 0a 

4.  65b 

X 

<p(E)v-l 

1.97 

"Measured"  Values,  Integrated  from  the  Time  Distribution  of  Pulses 

(Die  Away  Measurements) 

Position  Modes  contributing  (cf.  Fig.  3.3)  <MET(R)>  (msec) 


R  =  20.  3  cm 

Odd  modes 

1.99 

R  =  35.  6  cm 

All  modes 

2.36 

R  =  50.  8  cm 

All  modes 

2.87 

R  =  66.  0  cm 

All  modes 

3.36 

Pure  fundamental  mode:  A.^)"1 

2.09 

a  Measured  value 

b  Measured  value, 

not  corrected  for  diffusion  cooling 

C  From  BE  92  PT  GASKET  tape 


2.  The  uncertainty  in  the  position  of  the  detector  has  a 
negligible  effect  on  the  fundamental  mode  dieaway  con¬ 
stant  determination  (see  Section  3.2). 

3.  About  7%  of  the  neutron  captures  in  the  graphite  stack 
occur  in  the  target  assembly  (see  Section  6.2)  but 

the  effect  of  this  extra  absorber  is  already  taken  into 
account  in  the  calculations  in  a  first  approximation. 

In  fact,  £  results  from  a  measurement  made  in  the 

A 

stack  as  it  is. 

As  a  consequence  of  this  analysis,  we  believe  the  small  discrepancy  be¬ 
tween  the  two  values  can  be  attributed  to: 

1 .  The  use  of  (X  ^  ^  as  the  "measured"  value  of  the 

<  MET>  for  a  pure  fundamental  mode.  This  is 
equivalent  to  assuming  that  such  a  mode  is  excited 
for  thermal  neutrons  instantaneously  after  the 
Linac  burst: 

CO 

/  *11 

■'MET>,u“  7 -  ; 

/  *lll(t)dt 
•'o 


(3.6) 


Note  that  by  extrapolating  cp(t)  for  t  -*  0  in  the  r  -  20.  3  cm  data,  it  can  be 
estimated  that 

<•  MET-ln  ~  1.02  (X1U)'1  (3.7) 


Actually,  the  asymptotic  value  (2.09  msec),  measured  after  thermalization 
has  been  completed,  is  not  the  same  as  the  GATHER-II  "calculated"  value, 
which  includes  a  contribution  from  epithermal  neutrons  (from  the  slowing- 
down  source),  and  which  decreases  the  energy-averaged  MET. 
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«C- 


2.  The  approximate  nature  of  the  models  used  to  compute 
from  a.  j  j  j  and  to  calculate  the  time-moments  with 
GATHER-n. 

Since  a  more  exact  analysis  would  be  time-consuming,  and  since 
our  primary  purpose  was  to  obtain  a  fairly  small  correction  to  time-of- 
flight  data,  we  decided  to  normalize  the  MET  values  from  GATHER-II  to 
the  experimental  values  for  the  different  measurement  positions.  Assum¬ 
ing  space-energy  separability,  this  also  counts  for  the  spatial  dependence 
of  the  MET. 

2 

It  was  observed  in  a  GATHER-II  calculation  for  B  =0  that  the 

2  -2 

MET  does  not  differ  appreciably  from  the  B  =  .001890  cm  values  above 
0.  5  eV.  Hence,  the  correction  for  position-dependence  was  made  only  for 
energies  below  0.  5  eV.  (MET  =  0.  04  msec  for  that  energy. )  A  linear 
correction  was  made: 

MET(E,  R)  =  0.  04  msec  +  [MET(E,  GATHER-II)-0.  04  msec  J 

1.95msec 

(3.8) 

with  vMET(R)>  from  Table  3.4.  The  resulting  MET(R,  E)  values  are 

compiled  in  Table  3.  5  (where  the  first  four  lines  are  written  in  the  usual 

6 

floating  point  notation,  e.g.,  +  06  means  10  ). 

The  systematic  errors  of  MET(R,  E)  are  estimated  to  be  within 
±  8%.  This  accounts  for  the  observed  difference  between  "calculated5'  and 
"measured"  <.  MET>  for  the  fundamental  mode  and  for  the  error  resulting 
from  detector  positioning  which  is  at  most  ±  3%;  and  for  the  assumed 
space-energy  separability.  The  resulting  relative  errors  in  the  neutron 
energy  are  not  larger  than  2.  2%  in  the  20.  3  cm,  and  3.  2%  in  the  50.  8  cm 
radius  position;  and  this  for  the  energy  of  the  most  unfavorable  MET/TOF, 
which  is  approximately  0.  1  eV  (see  Fig.  3.  1). 

The  energy  resolution  limitation  of  these  thermal  spectrum  mea¬ 
surements  in  unpoisoned  graphite  is  mainly  due  to  the  standard  deviation 
of  the  emission  time  as  discussed  in  Section  3.  5. 
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Table  3.  5 


MEAN  EMISSION  TIME  AS  A  FUNCTION  OF 
NEUTRON  ENERGY  FOR  THREE  DIFFERENT  POSITIONS  IN 
THE  THERMAL  SPECTRUM  GRAPHITE  STACK 


E(eV) 

2. 

406 

1. 

♦  06 

5. 

♦05 

2.5 

♦05 

1.  11 

♦05 

6.25 

♦04 

4. 

MET(maec) 

0.0 

•  06 

14.6 

-06 

29.  8 

-06 

42.4 

-06 

67.6 

-06 

92.  1 

-06 

116. 

E(eV) 

2.  7« 

♦04 

2.  04 

♦  04 

1. 56 

+04 

1.233 

♦04 

1. 

♦04 

6.95 

♦03 

5. 1 

MET(miic) 

138. 

•  06 

162. 

•  06 

186. 

-06 

215. 

•  06 

235. 

-06 

282. 

-06 

332. 

E(eV) 

3.91 

♦03 

3.09 

♦03 

2.  5 

v03 

1.6 

♦03 

1.11 

♦03 

816. 

625. 

MET(mnc) 

377. 

•  06 

426. 

-06 

475. 

-C  ‘ 

608. 

-06 

717. 

-06 

841. 

-06 

961. 

E(*V) 

494. 

400. 

330. 

278. 

237. 

204. 

156. 

MET(miec) 

1086. 

-06 

1201. 

•  06 

1327. 

-C6 

1452. 

•  06 

1577. 

-06 

1692. 

.00193 

E(.V) 

123.  3 

100. 

69.5 

51. 

39. 1 

30.9 

25. 

MET(mtcc) 

.00218 

. 00242 

.00291 

.00341 

.0039 

.00439 

.00487 

E(*V) 

16. 

11.1 

8. 16 

6.25 

4.94 

4. 

3.3 

MET(mMc) 

. 00609 

. 00731 

.00853 

.00976 

.01098 

.0122 

.01342 

E(eV) 

2.78 

2.  37 

2.04 

1.55 

1.45 

1.36 

1.28 

MET(miec) 

. 01464 

.01587 

. 01709 

.0214 

.0222 

.0231 

.024 

E(«V) 

1.21 

1.  15 

1.  1 

1.06 

1.03 

1.01 

.995 

MET(nnec) 

.0249 

.0258 

.0266 

.027 

.0274 

.0276 

.028 

E(eV) 

.98 

.965 

.95 

.935 

.92 

.905 

.89 

MET(mitc) 

.0282 

.  0284 

.0287 

.  0289 

.0291 

.0294 

.0297 

E(eV) 

.875 

.86 

.  845 

.83 

.815 

.8 

.785 

MET(maec) 

.0299 

.0302 

.  0305 

.0308 

.0312 

.0315 

.0318 

E(«V) 

.77 

.  755 

.74 

.725 

.71 

.695 

.68 

MET(miec) 

.0322 

.0325 

.0329 

.0333 

.0337 

.0342 

.0346 

E(«V) 

.  665 

.  65 

.  635 

.  62 

.605 

.59 

.575 

MET(m«.c| 

.0351 

.0356 

.  0361 

.0366 

.0372 

.0377 

.0383 

E(.V) 

.56 

.545 

.  53 

.515 

.5 

.485 

.47 

MET  R  =  20.  3  cm(mnc) 

.0390 

.0397 

.0404 

.0411 

.042 

.0429 

.0439 

MET  R  =  35.  6  cm(mnc) 

.0390 

.0397 

.0404 

.0411 

.0423 

.0434 

.0447 

MET  R  ■  50.8  CTn(m««c} 

.0390 

.0397 

.0404 

.0411 

.0428 

.0442 

.0457 

E(eV) 

.455 

.44 

.425 

.41 

.395 

.38 

.365 

MET  R  *  20.  3  cm(mwc) 

.0451 

.0463 

.  0477 

.0494 

.0514 

.0541 

.0577 

MET  R  ■  35. 6  cm(m»ec) 

.046 

.0475 

.0492 

.0511 

.0536 

.0568 

.0611 

MET  R  *  so.  8  cm(miac) 

.0473 

.0491 

.0512 

.0536 

.0565 

.0604 

.0656 

E(eV) 

.  35 

.335 

.  32 

.  305 

.29 

.275 

.26 

MET  R  ■  2o.  3  cmfmitO 

.0627 

.0695 

.  0794 

.0937 

.1144 

.  1443 

.1866 

MET  R  “  J5_  cm(mnc) 

.0669 

.075 

.0668 

.1037 

.  1283 

.1638 

.214 

MET  R  ■  so.  8  cm(tnuc) 

.0728 

.0826 

.0969 

.1176 

.  1476 

.  1908 

.2519 

E(eV) 

.245 

.23 

.215 

.2 

.  19 

.18 

.  17 

MET  R  -  20.  3  cm(mnc) 

.246 

.324 

.425 

.  545 

.638 

.734 

.836 

MET  R  ■  35.  6  cm(m«ec) 

.284 

.  377 

.497 

.64 

.75 

.864 

.985 

MET  R*  50.8  cm(miec) 

.  337 

.45 

.  596 

.771 

.904 

1. 043 

1.19 

E(.V) 

.  16 

.  15 

.  14 

.  13 

.123 

.116 

.109 

MET  R  »  20.  3  cm(m«ecl 

.  940 

1.045 

1.  148 

1.249 

1.313 

1,379 

1.441 

MET  R  *  35. 6  cm(mtic) 

1.  108 

1.233 

1.  356 

1.476 

1.552 

1.63 

1.703 

MET  R  *  50.  8  cm(miic) 

1.  341 

1.  <93 

1.642 

1.788 

1.88 

1.976 

2.065 

E(eV) 

.  102 

.095 

.088 

.081 

.074 

.067 

.06 

MET  R  ■  20.  3  cfn(meec) 

1.502 

1.56 

.  1617 

1.673 

1.727 

1.781 

1.834 

MET  R  *  35.  6  cm(miec) 

1.  776 

1. 844 

1.913 

1.979 

2.042 

2.  107 

2.17 

MET  R  ■  50.8  cm(miec) 

2.  153 

2.236 

2.  32 

2.4 

2.478 

2.557 

2.  633 

E(«V) 

.055 

.05 

.045 

.  04 

.035 

.03 

.025 

MET  R-  20.3  cm(mitc) 

1.872 

1.911 

1. 954 

1.997 

2.045 

2.098 

2.156 

MET  R-  35.6  cm(niMc) 

2.215 

2.261 

2.312 

2.363 

2.421 

2.483 

2.552 

MET  R  ■  50.8  cm(mnc) 

2.  687 

2.744 

2.805 

2.868 

2. 938 

3.014 

3.097 

E(eV) 

.02 

.  016 

.013 

.01 

.008 

.007 

.006 

MET  R  -  20.3  cm(mMc) 

2.222 

2.281 

2.326 

2.  405 

2.461 

2.491 

2.534 

MET  R-  35.6  cm(mnc) 

2.63 

2.  701 

2.754 

2.848 

2.914 

2.949 

3.001 

MET  R  *  50.8  cm(mMc) 

3.  193 

3.279 

3.  343 

3.458 

3.  539 

3.  582 

3.644 

E(.V) 

.005 

.004 

.  003 

.  0022 

.0015 

.001 

MET  R  “  20.  3  cm(miic) 

2.567 

2.604 

2.  67 

2.744 

2.407 

2.485 

MET  R  *  35.  6  cm(m*ec) 

3.040 

3.084 

3.  162 

3.251 

2.85 

2.942 

MET  R  ■  50.  8  cm(mMc) 

3.  692 

3.746 

3.841 

3.948 

3.461 

3.573 
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4.  ACTIVATION  EXPERIMENT 


4.  1  INDIUM  FOIL  TRAVERSES 

Indium  foils,  bare  and  cadmium  covered,  werfe  irradiated  in  the 
graphite  assembly  to  determine  the  spatial  distribution  of  the  thermal  and 
resonance  neutron  flux.  The  buckling  and  approximate  values  of  the  ther¬ 
mal  diffusion  length  and  the  neutron  age  were  also  derived.  Gold  foils 
were  exposed  at  one  point  and  analyzed  by  E.  G.  and  G.  to  give  the  abso¬ 
lute  magnitude  of  the  thermal  neutron  flux. 

The  indium  foils  used  were  those  numbered  23  through  157  in  the 
Linac  foil  set.  The  foils  are  of  an  indium  aluminum  alloy  which  contains 
12.7  ±  2‘,  weight  percent  indium.  Each  foil  is  0.  0254  ±  0.  000762  cm 
thick  by  0.635  ±  0.  00508  cm  in  diameter  (specified  by  the  supplier, 
Dresser  Products,  Inc.,  Great  Barrington,  Massachusetts)  and  has  a 
mass  of  about  0.  0220  ±  0.  0008  gm  (This  number  was  not  calculated  but 
estimated  from  a  table  of  foil  weights  which  is  in  the  possession  of  J.  M. 
Neill  of  General  Atomic.  )  Because  of  the  consistency  of  the  foil  masses, 
no  weight  corrections  were  made  to  the  counting  data. 

The  cadmium  covers  were  0.  9525  cm  diameter  by  0.  05588  cm 
thick.  Each  cover  consisted  of  a  cup,  with  a  slight  indentation  to  hold 
the  foil,  and  a  flat  cover.  The  bare,  or  uncovered,  foils  were  placed 
between  aluminum  discs  to  avoid  contamination  of  the  foils  by  the  cello¬ 
phane  tape  used  to  hold  them  in  place  (Scotch  Magic  Tape). 

A  plan  view  of  the  graphite  stack  showing  the  locations  at  which 
the  flux  was  mapped  is  shown  in  Fig.  4.  1.  In  the  Z  direction  a  3.81-cm 
diameter  hole  was  drilled  and  cylindrical  graphite  plugs  10.  16  cm  long 
were  made  to  slide  in  this  hole.  Indentations  0.  95  cm  in  diameter  and 
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0.318  cm  deep  were  machined  in  the  center  of  one  face  of  each  plug  to 
hold  the  foils  and  their  covers.  During  each  irradiation  the  separation 
between  foils  was  at  least  10.  16  cm.  A  5.08  cm  long  cylindrical  spacer 
was  placed  in  one  end  of  the  hole  on  alternate  runs  so  the  neutron  distri¬ 
bution  could  be  mapped  at  5.08  cm  intervals. 

For  the  AA  and  BB  horizontal  traverses,  10.  16  cm  cubes,  with 
an  indentation  machined  in  one  face  to  receive  the  foils,  were  used.  These 
blocks  were  slightly  undersized  so  they  would  slide  through  the  stack  and 
could  be  loaded  simply  by  pushing  one  in  after  another.  A  spacer  5.  08  cm 
thick  was  also  available  so  the  distribution  could  be  mapped  at  5.  08  cm 
intervals. 

A  2.  461  cm  diameter  graphite  rod  was  made  to  fit  in  a  vertical 
hole  through  the  center  of  the  stack.  The  foils  were  placed  in  0.  318  cm 
slots  milled  in  the  rod  at  10.  16  cm  intervals  as  shown  in  Fig.  4.  1.  For 
one  run,  the  first  slot  was  2.  54  cm  from  the  bottom  of  the  graphite  block; 
for  the  succeeding  irradiation  the  rod  was  turned  over  so  that  the  first 
foil  was  6.  985  cm  from  the  bottom.  In  this  way  the  vertical  distribution 
was  mapped  an  approximately  5  cm  intervals. 

For  all  runs  the  foils  were  exposed  for  ten  minutes  as  measured 
by  a  stop  watch.  The  Linac  was  operated  at  28  MeV  with  a  beam  current 
of  400  mA,  7.5  pulses  per  second,  and  a  burst  width  of  0.2  jisec.  Copper 
and  indium  foils  were  placed  in  reproducible  positions  during  each  run  as 
flux  monitors.  The  indium  monitors  were  used  to  normalize  each  run 
rather  than  the  copper  because  of  the  higher  counting  rates  obtained. 

After  irradiation  each  foil  was  placed  in  a  numbered  plastic  vial 
1 . 59  cm  diameter  by  2.  54  cm  tall  and  counted  in  either  a  5.  08  x  5.  08  cm 
Nal  well  crystal  or  on  a  5.  08  x  5.  08  cm  solid  Nal  crystal.  In  the  latter 
case  a  plastic  collar  was  fitted  over  the  crystal  to  hold  the  vial,  so  that 
each  could  be  counted  in  reproducible  geometry.  The  bias  on  each  counter 
was  set  at  about  350  kilovolts  (well  crystal)  or  200  kilovolts  (solid  crystal). 
The  average  background  of  the  flat  crystal  was  about  380  counts  per 


minute  with  the  L-inac  on  and  100  cpm  with  it  off.  The  indium  monitor 
toils  were  counted  several  times  with  each  counter  to  establish  a  ratio 
so  that  all  counts  could  be  normalized  to  the  well  counter*  Each  foil  was 
counted  at  least  twice  for  one  minute  intervals.  The  data  for  each  foil 
were  then  corrected  for  decay  using  a  half-life  of  54.42  minutes  (John 
Neill's  decay  tables),  averaged  to  give  a  single  count  for  each  foil,  cor¬ 
rected  to  a  common  counter,  and  corrected  by  the  monitor  foils  to  give 
the  flux  distributions. 

Most  of  the  activations  resulted  in  counting  rates  greater  than 
10,  000  cpm,  giving  better  than  1%  statistics.  However,  some  of  the 
lounts,  particularly  for  the  cadmium-covered  foils  far  from  the  source, 
had  higher  errors.  Some  typical  errors,  representing  one  standard  de¬ 
viation,  as  calculated  from  counting  statistics  alone  are  given  with  the 
data  tabulated  in  Table  4.  1  to  4.  4.  The  data  are  plotted  in  Figs.  4.  2, 

4.  3,  and  4.4,  except  for  the  BB  horizontal  traverse  which  had  poor  statis¬ 
tics  in  the  cadmium-covered  activity. 

The  good  cadmium-covered  indium  data  were  plotted  against  the 

square  of  the  distance  from  the  source,  on  semilog  paper.  A  straight 

line  was  drawn  through  the  points  at  intermediate  distances  from  the 

2 

source.  An  age  of  303  cm  was  obtained  from  the  slope.  This  may  be 

2 

compared  with  an  age  of  294  cm  for  fission  neutrons  derived  from  ad¬ 
justing  to  1. 65  g/cm^  density  the  age  reported  on  page  128  of  Ref.  15. 

Both  horizontal  and  vertical  traverses  were  taken  to  test  for  the 
possibility  of  a  perturbation  due  to  the  heavy  support  table.  However, 
both  thermal  (subcadmium)  flux  traverses  are  symmetrical  and  can  be 
fitted  with  a  cosine  using  an  extrapolation  distance  of  1.77  cm  from 
Section  3.  3.  The  transverse  buckling  so  obtained  is  then 


(ill. 76+  2(1.77) 


1.4S4  x  10 


-2 

cm 


Although  the  experiment  was  not  designed  for  a  precision  measure¬ 
ment  of  the  diffusion  length,  it  is  interesting  to  calculate  an  approximate  L 
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Table  4.  1 

INDIUM  HORIZONTAL  TRAVERSE  (AA) 


Distance  From 
center  (cm) 

Bare  Foil 
Counts  /min. 

Cd- Cove  red 
Counts /min. 

Difference 

Cadmium 

Ratio 

0 

5.  08 

236090  ±  <  1% 

81719 

86367  ±  <  1% 

149733 

2.74 

10.  16 

228000 

76055 

151945 

3.  00 

15.24 

200390 

68512 

131878 

2.94 

20.  32 

167617 

51672 

115845 

3.24 

25.40 

147706 

39997 

107709 

3.70 

30.  48 

125870 

25864 

100006 

4.85 

35.  56 

92376 

22247 

70129 

4.  15 

40.64 

68365 

16500 

51865 

4.  14 

45.72 

44309  ±  ~  1 .  5% 

9298 

35011 

4.77 

50.  80 

24480 

5502  ±  ~  3% 

18978 

4.44 

55.  88 

7256 

1000 

6256 

7.  3 
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Table  4.  2 


INDIUM  HORIZONTAL  TRAVERSE  (BB) 


Distance  From 
center  (cm) 

Bare  Foil 
Counts/min. 

Cd-Covered 
Counts /min. 

Difference 

Cd  Ratio 

0 

72673 

5.  08 

68816 

7913 

60903 

8.70 

10.  16 

67245 

5493 

61752 

12.  24 

15.24 

65232 

5841 

59391 

11.  17 

20.  32 

63747 

3189 

60558 

20.  09 

25.  40 

58893 

3154 

55739 

18.67 

30.48 

54216 

1646 

52570 

32.94 

35,  56 

48246 

1101 

47145 

43.  82 

40.64 

41679 

927 

40752 

44.96 

45.72 

33392 

212 

33180 

157. 51 

50.80 

55.88 

25918 

770 

25148 

33.66 
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Table  4.  3 


INDIUM  VERTICAL  TRAVERSE 


Distance  From 
Bottom  of  Stack 
(cm) 

Bare  Foil 
Count/min. 

Cd-Covered 
Counts /min. 

Difference 

Cd  Rat 

2.54 

18044 

3609 

14435 

5.0 

6.98 

6567 

12.70 

53667 

13573 

40094 

3.96 

17.  14 

79691 

14652 

65039 

5.40 

22.86 

94650 

25950 

6G700 

3.65 

27.  30 

131482 

35914 

95568 

3.66 

33.02 

150191 

48069 

102122 

3.  13 

37.46 

175584 

66642 

108942 

2.64 

43.  18 

198615 

76684 

121931 

2.59 

47.62 

210226 

81244 

128982 

2.59 

53.  34 

216812 

88472  ±  <  1% 

128340 

2.46 

63.50 

216628 

86039 

139589 

2.  52 

67.94 

204073 

73009 

132064 

2.81 

73.66 

165805 

58766 

107039 

78.  10 

157463 

45813 

37471 

83.82 

119837 

35590 

84247 

3.  37 

88.26 

104619 

22289 

82330 

4.70 

93.98 

70222 

14905 

55317 

4.70 

98.42 

59400 

10203 

49197 

4.70 

104.  14 

31859  ±~  1.5% 

4617  ±  3.5% 

27242 

6.90 

108. 58 

18422 

3585 

14837 

5.  10 
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Table  4.  4 


INDIUM  Z  DIRECTION  TRAVERSE 


Distance  From 
Center  of  Source 
(cm) 

Bare 

Counts  /min. 

25.40 

199,913  ±  <  1% 

30.  48 

170,  960 

35.  56 

Au  Foil 

40.64 

96, 127 

45.72 

85,  090 

50.80 

60,907 

55.88 

47,915 

60.96 

31, 555 

66.04 

31,490 

71.  12 

22,647 

76.20 

16,  341 

81.28 

11,798 

86.36 

8,459 

91.44 

4,  075 

96.52 

2,  575±~  2.  5% 

Cd- Covered 


Counts /min. 

Difference 

Cd  Ratio 

64,  605  ±  <  1% 

135,  300 

3.  1 

45, 141 

125,  820 

3.8 

20,  510 

75,617 

4.7 

12,  052 

7  3,  040 

7.  1 

7,  011 

53,  896 

8.6 

6,741 

41,  174 

7.  1 

3,976 

27, 579 

7.9 

2,  470 

29,  020 

12.8 

1, 208 

21,439 

18.8 

1,  351  -  ± ~  4% 

14,790 

10.  5 

424 

11,  374 

27.8 

691 

7,768 

12.  2 

204 

3,871 

19.8 

245  ±~  10% 

2,  330 

10.  5 
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-Indium  traverse  in  horizontal  AA  direction 
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4.  4- -Indium  traverse  in  Z  direction 


from  the  data  available.  The  thermal  neutron  flux  not  too  near  the  source 
should  be  fit  by 


(4.1) 


where  the  factor  in  brackets  is  the  end  correction  and  c  the  boundary 
in  the  Z-direction.  The  diffusion  length  is  related  to  y  by 


(4.2) 


As  a  first  trial  the  points  far  from  the  end  were  fit  to  an  exponential  to 
get  a  trial  y.  The  points  were  then  corrected  by  the  factor  in  brackets 
and  refit  by  a  single  exponential  to  give  y  =  0.  04582  cm  hence 
40  cm.  However,  1/L^  is  a  small  difference  between  two  large 
numbers.  A  diffusion  length  of  50  cm  would  be  obtained  if  y  were  only 
6%  smaller. 

Bare  and  cadmium- cover ed  gold  foils  were  exposed  for  ten  min¬ 
utes  during  two  of  the  indium  foil  runs  at  a  position  35.  56  cm  from  the 
source  in  the  Z  direction.  The  foils  were  analyzed  by  E.  G.  and  G  for 

1 0 

the  absolute  neutron  fluence.  The  results  are  bare  foil,  1.00  ±0.01  x  10 

2  8  2 
n/cm  ,  cadmium- covered  foil,  9.6  ±  0.2  x  10  n/cm  .  Fora  10-minute 

7  2 

exposure  this  corresponds  to  a  thermal  neutron  flux  of  1.507  x  10  n/cm  - 
sec.  The  absolute  thermal  neutron  flux  was  then  inferred  from  the  fit  to 
the  indium  foil  distribution  (Eq.  4.  1),  and  tabulated  in  Table  4.  5.  However, 
the  point  at  20.  32  cm  lies  below  the  fitted  curve.  Recommended  values 
are  listed  in  the  third  column. 

The  run  in  which  the  absolute  thermal  flux  was  measured  was 
monitored  with  sulfur  pellet  7S49.  In  order  to  improve  counting  statistics, 
this  pellet  was  irradiated  in  three  more  ten-minute  runs  on  7/22/66.  The 
neutron  yield,  as  monitored  by  individual  In-Al  foils  for  each  run,  varied 
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Distance  From 
Source  (cm) 

20.3 

35.6 

50.  8 

66.  0 


Table  4.  5 

THERMAL  NEUTRON  FLUX 

(n/cm^-sec) 

th 

Exponential  Fit 
3.  04  x  107 
i.  507  x  107 
0.74  x  10? 

0.35  x  107 


Recommended 

Value 

1.78  x  107 
1.  507  x  107 
0.74  x  107 
0.  35  x  107 


between  93%  and  98%  of  the  yield  in  the  run  with  the  gold  foil.  The  total 

9 

fluence  measured  by  7S49  was  1.  3  ±  0.  1  x  10  nvt,  E>3  MeV.  Corrected 

to  the  average  fluence  in  the  four  runs,  the  sulfur  monitor  gave 

8  9 

3.  3  ±  .3x10  nvt  (E  >  3  MeV)  compared  to  9.  04  x  10  nvt  thermal  flux 

measured  by  the  gold  foils  at  35.  6  cm.  Hence  unit  sulfur  monitor  fluence 

2 

corresponds  to  27.4  n/cm  thermal  at  35.  6  cm. 


4.2  SULFUR  AND  ALUMINUM  FOIL  TRAVERSES 

Sulfur  and  aluminum  foils  were  exposed  at  positions  20.  3,  35.  6, 

50.  8.  and  66.0  cm  from  the  source  (along  the  Z -direction)  to  compare 

the  fast  neutron  attenuation  as  measured  by  foil  activation  with  that  mea- 

32  32 

sured  by  time  of  flight.  The  reactions  used  were  S(n,  p)  P  with  a  thresh- 

27  24 

old  of  about  3  MeV  and  Al(n,a)  Na  with  a  threshold  of  about  8  MeV. 

The  sulfur  pellets  were  0.965  cm  thick  by  3.81  cm  diameter,  with  a  mass 
of  18  grams,  and  were  obtained  from  and  analyzed  by  E.  G.  and  G. 

The  aluminum  foils  used  were  2.  54  cm  in  diameter  with  a  mass 
of  0.036  gms.  These  foils  were  stacked  10  to  a  package  and  covered  with 
cadmium  before  irradiation.  After  irradiation  each  package  was  gamma 
counted  with  a  5. 08  cm  x  5.  08  cm  Nal  crystal  biased  at  about  200  keV. 

They  were  counted  for  five  minutes  at  various  times  until  the  activity  was 
decaying  on  a  15-hour  half  life.  The  measured  counts  are  plotted  in 
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Fig.  4.5.  Each  count  after  15  hours  was  multiplied  by  e  ,  with 
0.693  -1 

A  =  — T7 —  hr  ,  to  give  the  equivalent  activity  at  time  of  removal  from 
1 5 

the  irradiating  flux.  These  numbers  were  averaged  and  are  represented 
on  Fig.  4.  5  by  the  intersection  of  the  15-hour  decay  lines  with  the  count 
axis.  The  shorter-lived  activity  was  not  identified,  but  may  be  a  2.  58- 
hour  activity  from  manganese  impurity. 

The  background  for  these  five- minute  intervals  was  about  1800 
counts  which  gives  a  counting  error  of  2.4%.  Since  the  net  number  of 
counts  is  the  difference  between  a  higher  number  of  counts  (with  a  cor¬ 
respondingly  smaller  error)  and  the  background,  the  error  in  the  net 
counts  must  be  at  least  this  large.  At  nost  it  will  be  Vz(2.  4)2  =  3.4%. 

The  activity  calculated  at  A  =  0  is  the  average  of  several  numbers  with 
about  a  3%  deviation  so  this  number  itself  will  have  a  standard  deviation 
of  the  order  of  3%  from  counting  statistics  alone. 

Several  of  the  individual  aluminum  foils  were  weighed  and  the 
weights  averaged.  The  mass  of  each  ten-foil  packet  used  in  the  experi¬ 
ment  is  0.  36  ±  0.  01  gm  which  will  contribute  another  3%  uncertainty  in 
the  final  data.  The  number  of  nuclei  used  in  the  data  reduction  was 
0.  8037  X  1022. 

The  counting  efficiency  of  the  detector  was  obtained  by  counting 
a  calibrated  Na-24  source  made  by  the  General  Atomic  chemistry  divi¬ 
sion.  This  source  had  an  initial  activity  of  1.73  peuries  at  12:00  noon 
July  25,  1966.  It  was  counted  in  one-minute  intervals  for  several  half- 
lives.  Counts  were  fit  by  least-squares  to  find  the  measured  counting 
rate  at  the  time  of  calibration. 

The  measured  aluminum  activity  was  corrected  for  nonsaturation 
during  irradiation  and  counter  efficiency,  and  divided  by  the  number  of 
atoms  of  Al-27  to  obtain  the  saturated  activity  per  atom  (or  nucleus).  The 
results  are  tabulated  in  Table  4.  6  and  the  activities  times  4  rr^  are  listed 
in  Table  4.  7  and  plotted  in  Fig.  4.6. 
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Fig.  4.  5--Decay  of  the  aluminum  foils 


Table  4.  6 

27Al(n,a)24Na  AND  32S(n,  p)32P  ACTIVITIES 
(DIS /SEC- ATOM) 


Distance  From  Source 
_ (cm) _  Al(n,g) 

20.  3  0.0948  x  10 

35.6  0.0182 

50.  8  0.  00285 

66.0  - 


S(n,  p) 
2.66  x  10'1 
0.425  x  10‘ 


0.  0254  x  10 


-18 


Table  4.  7 

Al(n.a)  AND  S(n,  p)  ACTIVITIES  x  4jrr2 


Distance 

From  Source 

dis-sec 

atom  cm 

(cm) 

4trr 

Al(n,  g) 

S(n,  p) 

20.3 

0.  52  X  104 

4.93  x  10'16 

-14 

1.  38  x  10 

35.6 

1.60 

2.  91  x  10‘16 

0.68  xlO'14 

50.  8 

3.25 

0.  925  x  10'16 

66.  0 

5.  47 

.... 

-14 

0.  139  x  10 
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The  sulfur  pellets  were  counted  by  E.  G.  and  G.  and  the  results 
reported  in  disintegrations  per  minute  per  gram  at  the  time  of  removal 
from  the  neutron  flux.  These  numbers  were  divided  by  a  nonsaturation 
factor,  the  number  of  atoms  of  S-32  per  gram,  and  60  seconds  per  min¬ 
ute,  to  give  the  saturated  activity  per  atom.  These  data  are  tabulated 
and  plotted  in  Table  4.7  and  Fig.  4.6. 

The  activity  of  the  aluminum  foil  at  66  cm  was  too  low  to  count 
and  the  sulfur  pellet  at  35.  6  cm  had  been  crushed  during  removal  or  in¬ 
sertion  in  the  stack;  no  activities  are  r^ailable  for  these  two. 

Additional  data  are  available  on  the  Al(n,a)  and  S(n,  p)  activities 
from  the  spectrum  measurements  which  were  made  at  35.6  cm  from  the 

source  along  an  axis  90°  from  the  Z-direction.  These  numbers  are 

- 1 8  -  J 

0.  0216  x  10  dis/sec-nucleus  for  the  Al(n, a)  reaction  and  0.  4938  x  10 

dis/sec-nucleus  for  the  S(n,  p)  reaction,  which  are  in  fair  agreement  with 

the  numbers  in  Table  4.6. 


4.  3  THRESHOLD  FOIL  MEASUREMENTS 


Threshold  foils  are  activation  foils  which  have  a  finite  cross  sec¬ 
tion  for  the  reaction  of  interest  above  some  energy  of  the  incident  neu¬ 
tron,  called  the  threshold  energy,  and  zero  cross  section  below  this 
energy.  Typical  reactions  which  have  this  characteristic  are  (n,  p), 

(n,  a),  (n,  2n),  (nfF)and  (n,  n').  Thresholds  range  from  a  few  tenths  of 
a  MeV  for  the  (n,  F)  and  (n,  n1)  reaction  to  10-20  MeV  for  (n, a)  and  (n,  2n) 
reactions. 

If  a  set  of  threshold  detectors  is  exposed  to  a  neutron  fluence  and 
the  resultant  activity  determined,  a  set  of  equations  is  obtained  of  the 
form 


A. 

i 


<j.(E)$>(E)  dE, 


thi 


(4.3) 
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where  the  subscript  i  represents  the  i  detector  and  is  the  thresh¬ 
old  energy  of  that  detector.  From  this  set  of  equations  the  neutron  flux 
spectrum  4>(E)  can  be  calculated  in  as  many  energy  intervals  as  there 
s  are  detectors. 

♦ 

4.  3.  1  Selection  of  Reactions 

To  be  useful  for  the  measurement  of  fast-neutron  spectra  the 
reactions  must  have  the  following  characteristics. 

1.  Material:  The  element  must  be  readily  available  in  a 
form  that  can  be  easily  h  ndled.  It  should  be  free 
from  impurities  that  will  activate  and  preferably 
should  be  monoisotopic  to  eliminate  interfering  reac¬ 
tions  . 

2.  Cross  Section:  The  cross  section  should  have  a  well- 
Known  a(E)  curve  so  the  flux  can  be  reconstructed  and 
the  cross  section  should  be  of  convenient  magnitude. 

3.  Half-life:  The  half-life  should  be  long  enough  so  the 
product  activity  can  be  counted  conveniently  and  it 
should  not  be  so  long  the.  the  specific  activity  will  be 
low. 

4.  Decay  Scheme:  The  decay  scheme  should  be  simple  so 
that  the  absolute  activity  can  be  determined. 

With  the  Linac  an  additional  source  of  interference  is  present, 
i.  e.  ,  photonuclear  reactions  produced  by  the  bremsstrahlung.  Effec¬ 
tively  this  eliminates  the  (n,  i  )  reactions,  all  of  which  have  sizeable 
photonuclear  cross  sections,  (n,  n')  reactions,  since  the  metastable 
states  can  also  be  produced  by  gamma  excitation,  and  (n,  2n)  reactions 
which  are  equivalent  to  (y,  n)  reactions.  Thus  we  are  left  with  only  (n,  p) 
and  (n, a)  produced  isotopes. 
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(14) 

Zijp  lists  23  reactions  for  which  the  cross  sections  are  known 

23  23 

to  some  extent;  16  of  these  are  either  (n,  p)  or  (nta).  Two,  Na(n,  p)  Ne 
28  28 

and  "  Si(n,  p)  Al,  can  be  eliminated  because  their  half-lives,  38  seconds 

54  54 

and  23  minutes  respectively,  are  too  short.  Three  more,  Fe(n,  p)  Mn, 

^Cu(n,a)^Co  and  ^Ni(n,  p/^Co  have  half-lives  that  are  too  long,  314 

days  and  5.  3  years,  to  be  activated  to  any  extent  in  a  reasonable  irradia- 
31  31 

tion.  P(n,  p)  Si  was  not  used  because  of  the  difficulty  of  obtaining 

65  65 

phosphorus  in  a  useful  form.  The  reaction  Cu(n,  p)  Ni  could  not  be 

used  because  of  the  difficulty  of  counting  the  2.  56  hour  ^Ni  in  the  pres- 

64 

ence  of  the  12.  9  hour  Cu  that  would  be  produced  by  (n,  2n)  and  (y,  n) 
reactions  in  copper.  The  two  reactions  ^Fe(n,  pj^Mn  and  ^Co(n,a)^Mn 
were  not  employed  because  it  is  virtually  impossible  to  obtain  iron  or 
cobalt  without  trace  impurities  of  manganese,  which  will  activate  by  (n,  y) 
to  ^Mn.  This  would  not  be  a  problem  in  a  purely  fast-neutron  spectrum 
but  ii^a  moderating  material  with  a  significant  resonance  flux,  resonance 
activations  in  manganese  can  be  significant  (manganese  has  about  a  14- 
barn  resonance  integral). 

24  24  27  27 

This  leaves  seven  reactions  Mg(n,  p)  Na,  Al(n,  p)  Mg, 

27  ai/  »24  37  .32  46  ,  .460  58^.,  .58^, 

Al(n,a)  Na,  S(n,  p)  P,  Ti(n,  p)  Sc,  Ni(n,  p)  Co,  and 

64  .64 

Zn(n,  p)  Cu.  A  titanium  foil  was  obtained  from  E.  G.  and  G,  exposed 
and  returned  for  counting.  The  count  rate  was  so  low  that  they  were  un¬ 
able  to  report  any  activity  so  this  reaction  was  also  discarded.  Charac¬ 
teristics  of  the  other  six  reactions  are  .summarized  in  Table  4.8. 


105 


4.  3.  2  Reaction  Characteristics 


Table  4.  8 

THRESHOLDS  AND  CROSS  SECTIONS 


Reaction 

Eth 

MeV 

aeff 

mbarn 

«y> 

mbarn 

Half-Life 

58__. .  .58  _ 

Ni(n,  p)  Co 

2.8 

490 

100 

71  day 

32c/  .32 

S(n,  p)  P 

2.7 

265 

65 

14.  3  day 

64  _  ,  .64  _ 

Zn (ns  p)  Cu 

4.4 

220 

30 

12.8  hr 

Al(n,  p)  Mg 

5.4 

80 

3.  5 

9.  5  min 

24  .  .24 

Mg(n,  p)  Na 

7.0 

124 

1.5 

15  hr 

27  aw  ,24.t 

Al(n,  a)  Na 

8.  1 

180 

0.65 

15  hr 

The  a  ~  and  E  ,  values  are  taken  from  a  table  in  Ref.  (19)  and  are 
eff  th 

listed  only  for  comparison.  There  is  no  one  "good"  set  of  values,  but 
these  quantities  do  not  affect  the  final  spectrum.  The  quantities  are 
defined  as 


and 


<0> 


CD 


a(E)  <*>  (E)dE 

O 


j  $o(E)dE 


(4.4) 


(4.5) 


ft 
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where  $>  (E)  is  the  spectrum  of  fission  neutrons  from  U  fission.  Note 
o 

that  and  E^  are  a  dependent  pair  -  one  may  be  chosen  arbitrarily 
which  then  fixes  the  other. 

We  will  now  discuss  decay  schemes  and  possible  interfering  re¬ 
actions. 


58^.,  .58  _ 

Ni(n,  p)  Co 


Isotopes 

58^. 

Ni 

60 

Ni 

61Ni 

62. 

Ni 

64 

Ni 

%  Abundance 

67.88 

26.23 

1. 19 

3.66 

1.  08 

Dominant  gamma  peaks  would  be  0.799  MeV  (99%)  and  0.  51  MeV- 
positron  annihilation  (15%  j3+) 


Interferences 

Half  Life 

Comment 

64  .  .65... 

Ni(n,  y)  Ni 

E. 56  hr 

Wait  for  decay 

^Ni(n,  2n)^Ni) 

36  hr 

Wait  for  decay 

Ni(y,n)  Ni  ) 

58  .  .56  _ 

Ni(-y,  np)  Co 

77  days 

Low  cross  section 

60.,..  ,58_ 

Ni(y,  np)  Co 

7 1  days 

Low  cross  section 
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32c/  .32 

S(n,  p)  P 

32„ 

33^  34 

Isotopes 

S 

S  S 

%  Abundance 

95 

0.  76  4.  22 

32P  (14d) 

No  gammas,  must  be  beta  counted. 


Interferences 

Half-Life 

0 

Comment 

34_,  \35c 

S(n,  y)  S 

86. 7  day 

Low  abundance- 
Long  half- life - 
Low  energy 

36q/  x37c 

S(u,  y)  S 

5.  1  min 

Wait  for  decay 

33S(n,  p)33P 

25  days 

Low  abundance 

33S(v.  P)32P 

15  days 

Low  abundance 

34S(V,np)32P 

14  days 

Low  abundance 

64  .64_ 

Zn(n,  p)  Cu 

Isotopes 

64 

Zn 

Zn 

67  „ 

Zn 

68_  70 

Zn  Zn 

%  Abundance 

48.8° 

27.  81 

4.  11 

18.  57  0.62 
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Dominant  gamma  peaks:  0.  51  MeV  from  positron  annihilation 


(19%  0+) 

Interferences: 

Reaction 

Half-Life 

Comment 

64  .65 

Zn(n,  y)  Zn 

245  days 

Long  half-life  can 
be  subtracted 

68  ,  .69_ 

Zn(n,  y)  Zn 

14  hr 

Minimized  by  cadmium- 
cover,  possible  error. 

55  min 

No  y ,  minimized  by 
cadmium  cover. 

70  ,  .71 

Zn(n,  y)  Zn 

3.9  hr 

Low  abundance  -  short 

half-life 

2.  5  min 

Short  half-life  -  wait 

66  ,  66 

Zn(n,  p)  Cu 

5.  1  min 

Short  half-life-wait 

67  .  .67 

Zn(n,  p)  Cu 

61  hr 

Low  abundance  -  long 
half-life  can  be  sub¬ 
tracted 

66  .  65 

Zn(n,  2n)Zn 

245  days 

Long  half-life 

64_  .  .64  _ 

Zn{y,  np)  Cu 

12.9  hr 

Possible  error,  low 
production 
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Z?Al(n,  p)27Mg 


27 


A1  -  100%  abundant 


1.013 

.843 


Dominant  gammas:  0.843  MeV  (70%);  1.013  MeV  (30%) 


Interferences: 


Reaction 

Half-Life 

Comments 

27...  \Z8ai 

Al(n,  *y)  A1 

2.  3  min 

Short  half-life  -  wait 

27  AW  X24TVT 

Al(n,a)  Na 

15  hr 

Long  half-life  can  be 
subtracted 

24x,  ,  *24 

Mg(n,  p)  Na 

Isotope 

24.  . 

Mg 

25  Mg 

26., 

Mg 

%  Abundance 

78.70 

10.  13 

11.  17 
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4.  122 

1.  368 
0 


Dominant  gammas: 

1.37  MeV  (100%);  2.  76  MeV 

(100%) 

Interferences: 

Reaction 

Half-Life 

Comments 

26 K„  .  .27 

Mg(n,\)  Mg 

9.  5  min 

Short  half-life  -  wait 

25k,  .  .24 

Mg(\,p)  Na 

15  hr 

Possible  trouble 

26xx  /  \24nt 

Mg(\,np)  Na 

15  hr 

Possible  trouble 
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4.  3.  3  Description  of  Foils 


All  of  the  materials  were  in  the  form  of  thin  metal  foils  2.  54  cm 
in  diameter,  except  for  sulfur.  The  sulfur  was  z  pellet  3.  81  cm  in  dia¬ 
meter  by  0.  965  cm  thick  which  was  obtained  from  E.  G.  and  G.  and  re¬ 
turned  to  them  for  processing.  All  metal  foils  were  cut  with  a  die  from 
pure  metal  sheets  (£  99.9%)  obtained  from  A.  D.  MacKay,  New  York. 
Table  4.  9  is  a  list  of  foil  weights  for  each  run  (runs  will  be  explained 
later). 


Table  4.  9 

FOIL  WEIGHTS  (grams) 


terial 

Run  1 

Run  2 

Zn 

1. 0503 

— 

Mg 

— 

0.  1124 

Ni 

0.  5780 

0.  5749 

A1 

0.  1793 

0.  5575 

In  addition,  an  aluminum  foil  weighing  approximately  1.  2  gm,  a 
magnesium  foil  weighing  0.  78  gm,  a  nickel  foil  weighing  2.  3  gm  and  a 
titanium  foil  weighing  0.06  gm  were  exposed  during  the  first  run  and 
returned  to  E.  G.  and  G.  for  analysis. 

4.  3.  4  Exposures 

All  foils  except  for  the  sulfur  were  stacked  together  in  a  cadmium 
box  with  walls  0.  0813  cm  thick.  The  sulfur  foil  was  not  covered  but  was 
placed  on  top  of  the  can  containing  the  rest  of  the  foils.  The  entire  pack¬ 
age  fits  in  an  oversized  3.  81  cm  diameter  hole  drilled  in  a  graphite 
stringer  such  that  center  of  the  foil  package  was  35.  56  cm  from  the  center 
of  the  neutron  source.  This  position  was  in  a  plane  normal  to  the  direc¬ 
tion  of  the  incident  electron  beam  to  minimize  the  gamma  flux  which  is 
highest  in  the  forward  direction  of  the  electron  beam. 
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Two  foil  irradiations  were  made,  one  on  the  night  of  July  24-25 
for  a  total  of  7.7  2  hours  and  one  on  the  night  of  July  28-29  for  a  total  of 
11.27  hours.  Linac  conditions  and  times  are  listed  in  Table  4.  10.  Dur¬ 
ing  Run  1  there  was  a  shutdown  for  over  an  hour  which  was  accounted  for 

24  64 

in  the  calculation  of  nonsaturation  factors  for  the  Na  and  Cu  activities 
but  not  for  the  longer  lived  isotopes.  During  the  second  run  there  were 
some  shorter  shutdowns  that  were  not  accounted  for.  The  reason  for  the 
second  run  was  to  repeat  at  higher  power  some  activations  which  had 
given  low  count  rates  in  the  first  run. 


Table  4.  10 

IRRADIATION  CONDITIONS 


Time 

Time 

Elapsed 

Pulses  per 

Burst 

Current 

On 

Off 

Time 

Second 

Width  ns 

(mA) 

Run  1 

2251 

2351 

1 . 0  hour 

7.  5 

2 

500 

0116 

07  59 

6.72 

7.  5 

4.  5 

500 

Run  2 

1829 

1929 

1.0 

15 

4.  5 

400 

1938 

0554 

10.27 

15 

4.  5 

400 

4.  3.  5  Counting  Techniques 

Except  for  sulfur,  which  was  analyzed  by  E.  G.  and  G. ,  the  foils 
were  all  gamma  counted  on  a  5.  08  cm  x  5.  08  cm  Nal  crystal  with  an  in¬ 
tegral  bias  set  at  about  200  kilovolts.  The  foils  were  placed  in  a  Lucite 
plastic  dish  which  was  then  centered  on  top  of  the  crystal  so  the  foils  could 
be  counted  in  reproducible  geometry.  The  bottom  of  the  Lucite  dish  was 
0.  318  cm  thick  which  was  sufficient  to  stop  most  of  the  betas.  Each  foil 
was  counted  many  times  to  insure  that  the  decay  had  the  proper  half-life 
so  that  shorte  ed  interferences  would  not  be  counted,  and  that  longer 

lived  activities  could  be  subtracted.  An  attempt  was  made  to  set  a  differential 

24 

window  and  count  only  one  gamma  peak,  e.g.  ,  the  1,  37  MeV  Na  gamma; 
however,  this  was  not  found  to  be  feasible  because  of  the  low  count  rates 
involved. 
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£ 


14  »>4 

Standard  si.urces  of  Na  and  Cu  were  made  by  the  General 

At  o  mi  i  Chemistry  revision  (Mr.  M.  Hiatt)  to  calibrate  the  counters. 

These  sources  were  made  by  irradiating  liquid  solutions  of  Nad  and 

CuSO  in  the  General  Atomic  Triga  realtor.  Two  5  ml  aliquots  of  each 

solution  were  taken,  one  to  be  counted  in  the  chemistry  department’s 

standard,  calibrated  geometry  for  absolute  determination  of  the  activity. 

The  second  aliquot  was  evaporated  in  a  1.  54  cm  diameter  plastic  cup 

identical  to  the  one  made  for  holding  the  foils  during  counting.  The  cup 

was  then  filled  with  an  epoxy  resin  to  seal  the  source.  These  calibrated, 

sealed  sources  were  counted  in  the  same  geometry  as  the  foils.  Each 

standard  was  counted  over  several  half-lives  and  the  data  fit  by  least 

squares  to  determine  the  proper  count  rate  at  the  time  of  calibration. 

11  17 

To  calibrate  the  Al(n,  p)  Mg  reaction  a  magnesium  foil  was  ex¬ 
posed  for  ten  minutes  in  the  graphite  assembly  at  a  point  which  had  been 
mapped  by  the  indium  (and  gold)  foils.  The  magnesium  foil  was  counted 
for  se\  eral  l  hi  rty  -  sec  ond  intervals  over  two  half-lives  and  the  data  fit  by 
least  squares  to  get  the  counting  rate  at  time  of  removal  from  the  irradiating 
flux. 

S  8  S  8  5  8 

The  Co  activity  produced  by  the  Ni(n,  p)  Co  reaction  was 

counted  until  it  was  determined  that  all  shorter  lived  activities  had  died 

away  and  then  the  foil  was  taken  to  the  chemistry  department  where  a 

cobalt  carrier  was  added,  the  foil  dissolved  in  hot  nitric  acid  and  then 

evaporated  to  5  ml  for  counting  in  the  standard  geometry.  It  was  then 

counted  for  800  minutes  with  a  multichannel  analyzer  and  the  number  of 

counts  in  the  800  keV  photopeak  used  to  determine  the  absolute  activity. 

Results  are  discussed  below  and  summarized  in  Table  4.  11. 
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Table  4.  11 


RECOMMENDED  VALUES,  THRESHOLD  FOILS 


Reaction 

32c/  .32^ 

S(n,  p)  P 

58KT.,  .58  _ 

Ni(n,  p)  Co 

64_  .  .64_ 

Zn(n,  p)  Cu 

27a1/  .27 

Al(n,  p)  Mg 

27x,  .  .24 

Mg(n,  p)  Na 

27 A1/  .24 

Al(n,a)  Na 


Disintegrations/sec  - 
Nucleus  Activated 
-19 

S.  10  x  10 

- 19 

6. 88  x  10 

- 1  ft 

2.64  x  10 

-20 

7. 85  x  10 

2.77  x  IQ’20 
-20 

2.  50  x  10 


4.3.6  Calculations  and  Results 
32  32 

For  S(n,  p)  P,  E.  G.  and  G.  counted  two  foils,  7S57  in  Run  1 

and  7So6  in  Run  2.  The  activity  at  the  end  of  exposure  was  reported  as 

3  4 

5.  38  x  1  0  dis/min-gm  ;n  Run  1  and  1 .  24  x  10  dis/ min-gm  in  Run  2. 

22 

The  S-32  nuclear  density  is  1.784  x  10  S-32  nuclei/gm  of  sulfur. 

The  activity  is  divided  by  the  number  of  S-32  nuclei,  60  sec/min,  and 

the  nonsaturation  factors  (0.  0156  for  Run  1,  0.  0227  for  Run  2).  The 

-19 

final  results  are  3.22  x  10  dis/ sec-nucleus  S-32  in  Run  1,  and 
- 19 

5.  10  x  10  dis/sec-nucleus  in  Run  2.  All  results  are  normalized  to 

-19 

Run  2.  Hence  the  recommended  value  for  this  reaction  is  5.  10  x  10 

d  sec-nucleus  S-32  and  all  Run  1  results  of  other  foils  are  to  be  multiplied 

by  the  ratio  of  the  sulfur  activities,  viz.  1,58. 

58  58 

For  Ni(n,  p)  Co,  the  Ni  foil  in  Run  1  was  counted  by  E.  G.  and 

G  and  reported  as  2.  14  x  10^  dis/min-gm,  corrected  to  end  of  exposure. 

-3  21 

Dividing  by  3.  14  x  10  (nonsaturation  factor),  6.95  x  10  nuclei  N-58/ 

- 19 

gm  Ni,  and  60  sec/min,  and  multiplying  by  1.58,  we  get  2.  58  x  10 
dis/sec-nucleus  Ni-58.  However,  judging  from  counts  made  at  the  Linac 
for  Nickel  foil  No.  6,  irradiated  in  Run  2,  the  result  obtained  by  the  GA 
Chemistry  Division  is  more  reliable.  After  a  wait  of  ten  days  (decay 
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cor  reckon,  0.  907),  the  foil  was  dissolved  and  counted  by  the  General  Atomic 

2 

Chemistry  Division  to  obtain  6.86  x  10  dis/min.  The  number  of  Ni-58 

21 

n licit i  in  the  0.  5749  gm  foil  is  3.99  x  10  .  The  nonsaturation  correction 

in  the  exposure  is  4.  58  x  10  ^ .  Thus  the  recommended  value,  from  the 

- 19 

Chemistry  measurement,  is  6.86  x  10  dis  .•sec-nucleus  Ni-58. 

64  64 

Run  1  was  sufficient  for  the  Zn(n,  p)  Cu  reaction.  After  sub¬ 
tracting  a  long-lived  activity,  and  neglecting  all  counts  for  times  shorter 
than  five  hours,  the  resulting  counts  were  fit  by  least-squares  to  a  half- 

life  of  13.  04  hr  (vs  the  accepted  value  of  ’2.  9  hr).  The  count  rate  at  the 

64 

end  of  exposure  was  6200  counts/rnin.  The  Cu  standard  of  1.  30  /icurie 

gave  a  counting  rate  of  1.  118  x  10^  cpm.  Thus  the  Zn(n,  p)  activity  was 

2.67  x  10^  d/sec.  The  nonsaturation  factor  had  to  be  computed  in  three 

steps  since  the  Linac  was  shut  down  for  1.  42  hr  after  1. 0  hr  of  t  posure. 

The  correction  factor  derived  was  0.  338.  The  number  of  Zn-64  nuclei 

21 

in  the  1.  0503  gm  foil  was  calculated  as  4.73  x  10  .  Then  the  saturated 

- 1 8 

activity  is  1.  167  x  10  dis/sec-nucleus  Zn-64.  Normalized  to  Run  2 

.  _  ]  g 

by  multiplying  by  1.58,  we  get  2.64  x  10  dis/sec-nucleus  Zn-64. 

27  27 

The  Al(n,  p)  Mg  irradiation  was  also  carried  out  only  for 

Run  1  (aluminum  foil  No.  116).  First  the  counter  efficiency  had  to  be 
27 

determined  for  Mg.  A  magnesium  foil  was  exposed  for  ten  minutes  in 

the  graphite  assembly,  along  with  the  indium  foils.  The  magnesium  foil 

was  counted  in  30  sec  intervals  from  4  to  10  minutes  after  exposure.  The 

counts  were  fit  by  least  squares  to  give  a  half-life  of  10.7  min  (vs  the 

accepted  9.  5  min),  and  had  an  activity  of  401  counts/ 30  sec  at  the  end 

of  exposure.  The  thermal  neutron  flux  at  the  position  of  the  magnesium 

7  2 

foil  was  1.813  x  10  n/cm  sec,  obtained  from  the  subcadmium  indium 

foil  flux  plot,  normalized  against  the  standard  gold  foil.  Using  an  activa- 

20  26 

tion  cross  section  of  0.  027  barn,  3.  11  x  10  atoms  Mg  in  the  0.  1124  gm 
Mg  foil,  and  correcting  for  nonsaturation  in  the  10-minute  exposure  (0.  520) 

and  decay  in  the  30  sec  counter  interval  (0.  036),  and  with  the  decay  con- 

-3  -1  27 

stant  X  =  1.222  x  10  sec  ,  the  efficiency  of  the  counter  for  Mg 


counting  was  found  to  be 
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.  _ AC _ 

-At  1  At 

No<p(l-e  °)(l-e‘*  ) 

1.222  x  10~3  x  4.  01  x  1<T _ 

^  O  A  O  A  *7 

3.11x10  x  2.7x10“  x  10  x  1.813  x  10  x  0.  52  x  0.  036 
=  0.171 


The  aluminum  foil  activity,  with  a  long-lived  background  subtracted,  was 

fit  by  least  squares  to  a  half-life  of  10.  1  min  (compared  to  9.  5  min 
27 

accepted  for  Mg)  and  the  count  rate  at  the  end  of  exposure  was  2045 

c/m.  The  activity  was  saturated  in  the  7 -hr  irradiation.  The  number  of 

27  21 

A1  nuclei  in  the  A1  foil  was  4.  00  x  10  .  Dividing  the  count  rate  by  the 

-20 

counter  efficiency  and  number  of  nuclei,  we  get  4.964  x  10  dis/sec- 
27 

nucleus  Al.  Normalizing  to  Run  2,  we  get  the  recommended  value 

-20  27 

7.85  x  10  dis/ sec-nucleus  Al. 

24  24 

In  Run  1  the  Mg(n,  p)  Na  activity  was  low,  but  E.  G.  and  G. 

3 

reported  6.76  ±  0.  1  x  10  dis/min-gm  Mg  at  end  of  exposure.  The  non¬ 
saturation  factor,  corrected  for  the  down  time  during  the  exposure,  was 

24 

found  to  be  0.  299.  The  number  of  nuclei  of  Mg  in  1  gm  cf  Mg  is 
21 

1.  95  x  10  .  Thus  the  saturated  activity  per  gm,  normalized  .o  Run  2, 

-20 

is  3.  05  x  10  .  In  Run  2  the  foil  was  counted  at  the  Linac  for  times 

3  to  29  hr  after  exposure.  The  counting  rate  at  end  of  exposure  was  839 

counts/ 5  min  counting  interval,  with  a  standard  deviation  of  10%.  The 

21  24 

nonsaturation  factor  was  0.406,  and  there  were  2.  19  x  10  nuclei  Mg 

24 

in  the  0.  1124  gm  Mg  foil.  The  1.73  jac  Na  standard  source  gave 

4.  82  x  10^  c/m.  The  disintegration  rate  of  the  foil  was  then  computed 
-20 

as  2.49  x  10  dis/sec-nucleus  Mg-24.  The  recommended  value  is 

-20 

the  average  of  the  E.  G.  and  G.  and  Linac  results,  2.77  x  10  dis,  ec- 
nucleus  Mg-24. 
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27  24 

Finally,  for  Al(n,a)  Na,  E.  G.  and  G.  obtained  (in  Run  1), 

7.  20  ±  0.  1  x  10^  dis/min-gm  which  with  2.  24  x  10^  nuclei  ^Al/gm 

and  a  nonsaturation  factor  of  0.  299,  and  normalized  to  Run  2,  is 

2.83  x  10  ^  dis/sec-nucleus  Al-27.  In  Run  2  the  foil  was  counted  after 

12  hrs  to  allow  a  short-lived  activity  to  decay,  and  continued  to  55  hrs 

after  exposure.  The  counting  rate  at  end  of  exposure  was  4130  counts/ 

5  min  with  a  standard  deviation  of  6%.  This  result  was  divided  by  the 

21 

nonsaturation  factor  of  0.406,  the  1.  245  x  10  nucl*.*  of  Al-27  in 

5  4 

0.  5575  gm  Al,  and  the  4.  82  x  10  c/m  per  1,73  }ic  ;b.  40  x  10  di?/sec) 
of  the  ^Na  standard  source,  to  obtain  2.  17  x  10  ^  dis/sec-nucleus 
Al-i\  The  recommended  value  is  the  average  of  the  E.  G.  and  G. 

(Run  1)  and  Linac  (Run  2)  results,  or  2.  50  x  10  ^  dis/sec-nucleus  Al-27. 


4.3.7  Spectrum  Calculations 

The  quantity  which  has  been  measured  is  the  product 


M). 


a.(  E)*((E)dE  =  a. 


(4.6) 


where  the  subscript  i  identifies  the  foil.  We  have  a  set  of  n  equations, 
where  n  is  the  total  number  of  foils,  which  must  be  solved  for  the  flux 
spectrum  $(E). 

In  this  experiment  we  were  limited  to  six  reactions  which  means 
that  one  must  unfold  an  energy  spectrum  over  the  range  from  about  2  to 
14  MeV  with  only  six  numbers.  Obviously  the  energy  resolution  obtainable 
with  threshold  foils  is  very  much  poorer  than  the  energy  resolution  ob¬ 
tained  in  the  time -of- flight  measurements. 

The  best  review  of  the  various  unfolding  techniques  is  in  Ref.  (19), 
which  lists  14  techniques  that  have  been  proposed  or  used  by  various 
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authors,  roughly  divided  into  three  classifications:  (a)  mathematical 
methods:  the  assumptions  on  $(E)  are  of  a  purely  mathematical  type; 

(b)  perturbation  methods:  the  assumptions  on  $ (E)  are  related  to  a  devia¬ 
tion  from  the  fission  neutron  spectrum  $q(E);  and  (c)  weighting  methods: 
the  assumptions  on  $(E)  are  of  a  mathematical  type,  but  include  a  weighting 
function  which  can  take  into  account  the  rough  shape  of  the  spectrum. 

(a)  An  example  of  the  mathematical  techniques  is  the  "step  curve 
method"  in  which  the  energy  range  of  fast  neutrons  is  divided  into  succes¬ 
sive  regions,  the  number  of  which  is  equal  to  the  number  of  threshold  de¬ 
tectors  used.  The  assumption  is  made  that  in  each  interval  the  flux  den¬ 
sity  is  constant.  Usually  the  boundaries  are  taken  equal  to  the  effective 
thresholds  of  the  detectors.  The  response  of  the  i^  detector  can  be 
written  as 


“i 


!i_  r 

:‘Ei  J  0i 


<e)&e+ 


e3-e2 


A 


(E)dE  + 


CJ.(E)dE 


(4.7) 


As  the  a.  j  values  are  considered  to  be  known,  n  linear  equations  in  the 

n  unknown  i.  are  obtained.  However,  there  are  certain  unsatisfactory 
J 

facets  to  this  approach.  For  one  the  solution  depends  strongly  on  the 
values  chosen  for  E^,  E^  --  and  it  is  not  clear  what  is  the  best  way  of 
picking  these  energy  limits,  other  than  an  iterative  process.  If  they 
are  not  properly  chosen  it  is  possible  to  obtain  negative  values  of  the 
flux  in  certain  intervals.  Secondly,  if  the  threshold  values  are  not  widely 
spaced,  so  that  the  activations  strongly  overlap  in  energy,  then  one  will 
obtain  a  set  of  equations  that  is  not  truly  independent. 

Other  mathematical  techniques  involve  assuming  forms  for  the 
flux  shape  such  as  a  series  of  polygons,  polynomials,  orthonormal 
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polynomials,  etc.  All  of  these  methods  suffer  to  some  extent,  as  does  the 
step  function  approach,  in  that  one  often  gets  ill  conditioned  linear  systems. 

(b)  Perturbation  methods:  These  approaches  assume  that  the  spec¬ 
trum  is  a  deviation  from  the  fission  spectrum  $q(E).  Probably  the  best 
known,  and  a  good  example  of  the  approach,  is  the  method  of  spectral  in¬ 
dices.  The  simplest  analytical  form  of  the  fission  neutron  spectrum  is 


i  (E)  =  CE 
o 


1/2  -0.775E 
e 


(4.8) 


which  suggests  the  following  form  of  a  perturbed  fission  spectrum 

t(E)  =  CE1//2e"^E  (4.9) 

where  the  parameter  takes  into  account  the  deformation  of  the  spectrum. 
The  spectral  index  S..  is  defined  by  the  following  equation 


CO 

/  o.(E)  *  (E)dE 

*o _ 

00 

a.(E)  *  (E)dE 
J 


<a.> 

i 

<o  .> 

J 


(4.10) 


S. .  can  be  calculated  for  different  reactions  and  for  different  spec- 
ij 

tra  (i.e.  ,  for  different  values)  when  cross  section  curves  are  available. 

Experimental  values  for  S. .  are  obtained  as  ratios  of  measured  activities 

ij 

and  compared  to  calculated  ones  for  particular  values  of  0.  When  they 
match  one  assumes  that  the  analytical  expression  with  this  value  is  the 
most  suitable. 

This  approach  does  not  attempt  to  reconstruct  the  spectrum  but  only 
gives  some  measure  of  the  "hardness"  of  the  spectrum.  It  is  useful  for 
investigating  spectral  changes,  but  that  seems  to  be  about  all. 

Note  that  perturbation  techniques  would  not  be  expected  to  be  too 
good  if  the  spectrum  deviates  appreciably  from  the  assumed  fission  spectrum. 
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(c)  Weighting  methods:  The  so-called  weighting  methods  are 
generalizations  of  the  previous  approaches  and  represent  attempts  to  arrive 
at  a  general  approach. 

The  analysis  used  for  the  graphite  measurements  is  a  variation  of 
the  iterative  approach  suggested  by  Bresesti  in  Ref.  (20)  and  developed  by 
Mr.  G.  I.  Coulbourn  and  T.  G.  Williamson  at  the  University  of  Virginia. 

Assume  that  the  energy  range  can  be  divided  into  n  energy  intervals, 
where  n  is  the  number  of  detecting  foils.  The  energies  specifying  the  inter¬ 
vals  are  arbitrarily  selected  as  values  close  to  the  threshold  energy  for 
each  foil.  In  each  energy  interval  the  flux  is  assumed  to  be  represented 
by  an  exponential  of  the  form. 

f  (E)  =  Ce'KE  (4.  11) 

Thus  the  activity  of  the  i^  detector  will  be 


n  E 


n 

(4.12) 

-Z 

n  E 

n 

where  the  summation  is  performed  over  the  n  energy  intervals 
sections  are  calculated  from 

En  +  1 

a.  (E)  i  (E)  dE 
E 

n 

n  +  1 

$  (E)  dE 

o 

n 


The  cross 


(4.13) 
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where  $  (E)  is  an  input  trial  spectrum,  usually  the  fission  spectrum. 

For  the  detector  of  highest  response  energy,  in  our  case  n  =  6, 
choose  as  the  proper  value  to  match  the  high  energy  tail  of  the  fission 
spectrum  so  that 


00 

“6=  / 


06  6  (E)  C6e‘K6EdE 


(4.14) 


With  an  assumed  value  of  anda^  being  the  measured  quantity,  the  value 
of  can  be  calculated.  For  the  next  detector 


6  00 

-K  E  /•  -K,E 

a5i5(E)c5e  dE+  /  a5(6(E)C6e  dE 


(4.15) 


where  ^  (E)  is  the  cross  section  of  the  fifth  detector  in  the  fifth  energy 
interval.  The  boundary  condition  is 


-k5e6  -k6e6 

C^e  =C6e 


(4.16) 


The  values  of  and  Cj.  can  now  be  found.  Similarly  all  values  of  C.  and 
5  5  i  1 

can  be  calculated  to  give  the  first  trial  spectrum  $  (E).  From  this 

spectrum  new  values  of  the  activation  integral, 


(E)  *  (E)  dE 


(4.17) 


are  calculated  and  compared  with  the  measured  values.  If  they  do  not  agree, 
new  average  cross  sections, 


J. 

l.  n 


j .  (E)  i 1 


(E)  dE 


(E)  dE 


(4.18) 


are  calculated  and  the  process  is  repeated  until  the  activation  values  have 
converged. 

The  activation  values  in  Table  4.  11  were  first  compared  with  cal¬ 
culations  of  activities  that  would  be  expected  for  a  fission  spectrum.  These 
numbers,  normalized  to  the  sulfur  data,  are  listed  in  Table  4.  12. 


Table  4.  12 


COMPARISON  OF  MEASURED  ACTIVITIES  WITH 
THOSE  CALCULATED  FOR  A  FISSION  SPECTRUM 


Measured 


(E) ft  (E)  dE 
o 


S(n,  p) 

1.0 

1.0 

Ni(n,  p) 

1.35 

1.5 

Zn(n,  p) 

5.2 

0.45 

Al(n,  p) 

0.  015 

0.06 

Mg(n,  p) 

0.  054 

0.022 

Al(n,ctf 

0.  049 

0.009 

Since  the  spectrum  in  graphite  is  not  a  fission  spectrum  the  measured 
and  calculated  activities  are  not  expected  to  be  the  same.  However,  the  com¬ 
parison  gives  some  indication  of  gross  errors.  It  is  immediately  obvious 
that  the  zinc  results  are  a  factor  of  ten  higher  than  might  be  expected.  This 
is  probably  due  to  copper  impurities  in  the  zinc.  Attempts  were  made  to 
include  the  zinc  results  in  the  calculations  but  the  program  would  not  work, 
i.  e.  ,  the  values  of  the  parameters  k.  that  it  attempted  to  calculate  were 
either  too  large  or  too  small. 
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ife-Sra*  *, 


The  Mg(n,p)  and  Al(n,a)  numbers  are  inconsistent.  There  is  no 

reason  for  saying  which  determination  is  correct  since  the  activities  of 

24 

each  were  compared  with  the  same  standard  (Na  )  and  the  count  rates  for 
each  were  about  the  same.  Thus,  the  errors  in  each  determination  should 
be  comparable.  Also  these  two  reactions  have  threshold  energies  that  are 
very  close  to  each  other  and  responses  that  overlap.  Because  of  this  over¬ 
lap  and  the  apparent  inconsistency  in  the  data  the  program  would  not  con¬ 
verge  when  the  activities  of  both  foils  were  included  at  the  same  time. 
Similarly  the  Ni(n,  p)  and  S(n,p)  reactions  have  thresholds  that  differ  by 
only  a  few  tenths  of  an  MeV  and  the  reactions  have  much  overlap  in  their 
responses.  Thus  the  program  was  unable  to  handle  both  of  these  foils 
simultaneously.  The  best  that  could  be  done  was  to  calculate  the  spectrum 
three  foils  at  a  time  in  various  combinations. 

The  calculated  spectra  are  tabulated  in  Table  4.  13  and  plotted  in 

Fig.  4.  7-4.  10.  Included  in  the  table  are  the  threshold  energies,  the  con- 

-  kE 

stants  in  the  flux  relation,  $  (El  =  C  e  ,  the  activity  as  calculated  from 
A  =  (E)  a  (E)  dE  where  4(E)  is  the  final  spectrum,  the  measured  activi¬ 

ties,  and  the  percent  deviation  between  the  two. 

It  is  not  evident  from  the  foil  results  alone  which  spectrum  is  the 
most  accurate.  However,  there  was  a  problem  in  determining  the  proper 
counting  efficiency  in  counting  the  Ni(n,  p)  activity,  and  it  has  a  larger 
uncertainty  than  the  S(n,p)  activity. 

The  threshold  foil  results  are  compared  with  a  calculated  spectrum 
in  Section  6.4. 

4.3.8  Threshold  Reaction  Cross  Section  Data 

Nearly  all  of  the  cross  section  data  on  threshold  foils  measured  up 
to  1961  is  tabulated  in: 

(a)  H.  Liskien  and  A.  Poulsen,  "Computation  of  Cross  Sections  for 
Some  Neutron  Induced  Threshold  reactions,  "  Euratom  Central  Bureau  for 
Nuclear  Measurements,  EUR  119.2  (Nov.  1961). 
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Table  4.  13 

NEUTRON  SPECTRA  FROM  THRESHOLD  FOILS 


Reaction 

E 

n 

MeV 

C 

K 

A^,  ,  Aw 

Calc.  Meas. 

dis  /sec/atm 
xlO-18 

Deviation 

(%) 

S(n,  p) 

3.0 

2.23  x 

io4 

-0.65 

0.  50 

0.5) 

-2.0 

Al(n,  p) 

5.3 

5.24  x 

io7 

0.81 

0.0816 

0.0785 

3.9 

Mg(n,  p) 

7.2 

3.80  x 

io7 

0.766 

0. 0288 

0.0277 

4.0 

S(n,  p) 

3.0 

1.48  x 

104 

-0.66 

0.  50 

0.51 

-2.0 

Al(n,  p) 

5.3 

5.  13  x 

io6 

0.43 

0.0803 

0.0785 

2.3 

Al(n,  a) 

8.0 

7.  58  x 

io6 

0.766 

0.0260 

0.0250 

4.0 

Ni(n,  p) 

2.8 

1.34  x 

io-3 

-3.67 

0.  668 

0.688 

-2.9 

Al(n,  p) 

5.3 

5.  13  x 

io6 

0.43 

0.0804 

0.0785 

2.4 

Al(n,a) 

8.0 

7.58  x 

io7 

0.766 

0.  0260 

0.0250 

4.0 

Ni(n,  p) 

2.8 

6. 92  x 

10* 

-1.72 

0.  668 

0.688 

-2.9 

Al(n,  p) 

5.3 

5.24  x 

io7 

0.81 

0.0816 

0.0785 

3.9 

Mg(n,  p) 

7.2 

3.80  x 

io7 

0.766 

0.  0288 

0.0277 

4.0 

This  tabulation  has  plotted  most  of  the  measurements  to  date  and 
discusses  briefly  the  errors  associated  with  each.  Many  of  the  references 
that  follow  are  taken  from  this  compilation. 

Some  of  the  cross  sections  are  also  available  from 

(b)  R.  J.  Howerton,  "Tabulated  Neutron  Cross  Sections,  "  UCRL- 
5226,  1958,  however,  this  reference  is  incomplete  because  of  its  date. 

Probably  the  best  reference  for  the  elements  of  Z  <  20,  which  in¬ 
cludes  Al,  Mg  and  S  is 

(c)  BNL-325,  Neutron  Cross  Sections . 
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Fig.  4.  8--Threshold  foil  spectrum  S(n,  p),  Al(n,  p),  Mg(n,  p) 
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Fig.  4.  9--Threshold  foil  spectrum  Ni(n,  p),  Al(n,  p),  Al(n,a) 


128 


■1111 


Specific  references  follow: 


32S(n,  p)P 


32 


References  (a),  (b)  and  (c)  above,  and  Butler  &  Santry,  Canadian 
Journal  of  Physics,  41,  372,  1963  (note  the  data  reported  in  this  reference 
seems  to  represent  a  good  average  of  all  the  other  measurements  plotted 
in  (a)). 


58-.. .  .58-. 

Ni(n,  p)  Co 

58  58 

(e)  J.  F.  Barry,  "The  Cross  Section  of  the  Ni(n,  p)  Co  Reac¬ 
tion  for  Neutrons,  "  Journal  of  Nuclear  Energy,  A/B  1_6,  467  (1962). 

58  58 

(f)  Nakai,  et  al. ,  "Excitation  Functions  of  Ni  (n,  p)Co  and 

64  64 

Zn  (n,  p)Cu  ,  "  Journal  of  the  Physical  Society  of  Japan,  17,  1215, 

(1962). 

(g)  T.  O.  Passell,  "The  Use  of  Nickel-58  and  Iron-54  as  Integra¬ 
tors  of  Fast-Neutron  Flux,  "  Neutron  Dosimetry,  Vol.  1,  International 
Atomic  Energy  Agency,  Vienna,  501,  (1963). 

(h)  T.  O.  Passell  and  R.  Heath,  Nucl.  Sci.  Eng.,  TO,  308  (1961). 
(For  some  reason  the  data  here  for  this  reaction  does  not  agree  with 
other  data  and  the  later  publication  (g),  ) 

64.  .  64 

Zu  (n,  p)Cu 

References  (f)  and  (h) 

Al  (n,  p)Mg 

Reference  (c) 

(i)  Calvi,  et  al. ,  "Neutron  Reactions  in  Aluminum  from  2.  5  to 
5  MeV,  "  Nuclear  Physics,  39  621  (1962). 
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(j)  Mani,  et  al. ,  "Neutron  Cross  Sections  in  Aluminum,  "  Nuclear 


Physics,  19,  535  (I960). 

(k)  Bullock  and  Moore,  "Odd- Even  Dependence  of  Nuclear  Level 
Density,  11  Phys.  Rev.  49^721  (I960). 

w  24.  24 

Mg  (n,  p)Na 

Reference  (c)  and  (d) 

a127.  24 

Al  (n,a)Na 

Reference  (c),  (d),  (j)  and  (k). 

The  cross  section  curves  were  plotted  and  smooth  curves  were 

fit  through  the  points  (smooth  curves  means  the  resonance  structure 

was  ignored  and  the  points  averaged).  Cross  sections  read  from  these 

curves  are  tabulated  in  Table  4.  14,  and  the  product  (j$  ,  where  $  is 

o  o 

the  Watt  fission  spectrum  (Reference  Goldstein,  Fundamental  Aspects 
of  Reactor  Shielding),  is  tabulated  in  Table  4.  15. 

The  products  a(E)^(E)  were  numerically  integrated  (Simpson's 
Rule)  to  give  the  following  values: 


Foil 

ft  (E)o(E)dE 

S(n,  p) 

J  °  _?7 

67.0  x 10 

Ni(n,  p) 

101 

Zn(n,  p) 

30.6 

Al(n,  p) 

4.  06 

Mg(n,  p) 

1.47 

Al(n,tt) 

0.602 
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Table  4.  14 


THRESHOLD  CROSS  SECTIONS-  MILLIBARNS 
E 


MeV 

S(n,  p) 

Ni(n,  p) 

Zn(n,  p) 

Al(n,  p) 

Mg(n,  p) 

Al(n.a) 

.5 

1.0 

1.5 

2 

10 

2.0 

25 

50 

10 

2.5 

85 

120 

26 

2 

3.0 

145 

190 

46 

4 

3.5 

204 

262 

68 

6 

4.  0 

244 

332 

93 

10 

4.5 

275 

406 

170 

14 

5.0 

298 

478 

152 

20 

5.5 

316 

528 

188 

28 

5 

6.0 

328 

564 

222 

39 

14 

2 

6.5 

334 

592 

258 

50 

29 

7 

7.0 

338 

614 

293 

62 

46 

16 

7.5 

342 

630 

328 

71 

64 

28 

8.0 

345 

642 

356 

79 

85 

44 

8.5 

350 

645 

384 

86 

105 

57 

9.0 

360 

642 

410 

91 

122 

70 

9.5 

374 

633 

432 

96 

136 

81 

10.  0 

388 

620 

452 

100 

149 

90 

10.5 

398 

602 

466 

102 

160 

100 

11.0 

400 

578 

468 

103 

170 

107 

11.5 

388 

552 

464 

103 

179 

114 

12.0 

368 

525 

452 

99 

185 

119 

13.0 

306 

465 

400 

90 

191 

123 

14.0 

250 

395 

296 

82 

187 

119 

15.0 

194 

315 

270 

73 

167 

109 

132 


Table  4.  14  (Continued) 


E 


MeV 

S(n,  p) 

Ni(n,  p) 

Zn(n,  p) 

Al(n,  p) 

Mg(n,  p) 

Al(n,a) 

16.0 

138 

225 

64 

143 

97 

17.0 

80 

56 

124 

82 

18.0 

26 

47 

107 

65 
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Table  4.  15 

FISSION  SPECTRUM  ACTIVATION  RATES 
a(E)N(E) 


E 

N(E^(B) 

MeV 

S(n,  p) 

Ni(n,  p) 

Zn( n,  p)  Al(n.  ->) 

Mg(n,  p) 

Ai{n,a) 

.5 

.347 

1.0 

.347 

1.5 

.298 

.60 

2.98 

2.0 

.  239 

5.97 

11.98 

2.39 

.200 

2.5 

.  184 

15.6 

22.  08 

4.78 

.368 

3.  0 

.  138 

20.0 

26.22 

6.35 

.  552 

3.5 

.  102 

20.8 

26.72 

6.94 

.612 

4.0 

.  0738 

18.0 

24.50 

6.86 

.738 

4.5 

.  0528 

14.5 

21.43 

6.34 

.739 

5.  0 

.  0375 

11.2 

17.92 

5.70 

.750 

5.5 

.  0263 

8.31 

13.89 

4.94 

.736 

.  131 

6.0 

.0184 

6,  03 

10.38 

4.08 

.717 

;258 

.037 

6.5 

.  0127 

4.24 

7.52 

3.28 

.635 

.368 

.089 

-3 

7.0 

8.77x10 

2.96 

5.38 

2.57 

.544 

.403 

.  140 

7.5 

6.01 

2.  05 

3.78 

1.97 

.427 

.385 

.168 

8.0 

4.  10 

1.41 

2.63 

1.46 

.324 

.  348 

.180 

8.5 

2.79 

.976 

1.80 

1.  07 

.240 

.293 

.159 

9.0 

1.88 

.677 

1.21 

.771 

.  171 

.229 

.  132 

9.5 

1.27 

.475 

.804 

.550 

.  122 

.  173 

.103 

10.  0 

8.  56xl0"4 

.  333 

.531 

.387 

.  086 

.  127 

.077 

10.5 

5.74 

.227 

.345 

.267 

.058 

.092 

.057 

11.  0 

3.84 

.152 

.222 

%- 

.180 

.039 

.065 

.041 

11.5 

2.  56 

.  101 

.  141 

.  179 

.  026 

.046 

.029 

12.0 

1.70 

.063 

.089 

.077 

.  017 

.031 

.020 

13.0 

7.  48xl0~5 

.021 

.035 

.030 

.  007 

.014 

.009 
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Table  4.  15  (Continued) 


5.  DISCRETE-ORDINATES  CALCULATIONS 


Although  the  research  was  primarily  experimental,  a  calculation 
was  carried  out  with  the  DTF-IV  discrete-ordinates  transport  code.^*^ 
Twenty- five  group  cross  sections  were  obtained  from  an  infinite  medium 
(B  =  i0  cm  *)  calculation  with  the  GAM-II^  code.  The  group 
structure  is  given  in  Table  5.  1.  The  source  spectrum  was  the  final 
photoneutron  spectrum  from  Appendix  A.  The  total  leakage  spectrum 
from  the  uranium  target  might  have  been  a  better  choice,  bet  since  the 
averaging  flux  spectrum  of  the  GAM-II  calculation  cannot  match  the 
spatially-dependent  spectrum  which  actually  exists  in  the  graphite  assem¬ 
bly,  the  refinement  is  probably  not  worthwhile.  For  the  purpose  of  ob¬ 
taining  multigroup  cross  sections,  it  is  only  necessary  that  the  GAM-II 
flux  have  nearly  the  same  shape  within  each  group  interval.  Macroscopic 

P  cross  sections  (N  =  8.  234  x  10  ^  atoms/barn-cm)  were  prepared  for 
3  L 

the  transport  calculation. 

The  DTF-IV  calculation  was  performed  with  a  P. ,  angular  mesh 

lo 

(Gauss-Legendre  ordinates  and  weights),  plus  a  p  =  1  (0°)  angle  with 

zero  weight,  and  the  usual  =  -1  angle  with  zero  weight  which  is  used  to 

begin  the  calculation  at  the  outer  boundary.  The  angular  mesh  is  given 

in  Table  5.2.  In  order  to  use  the  ^  =  1  angle  it  was  necessary  to  modify 

DTF-IV  to  eliminate  the  test  for  an  odd  number  of  angles. 

The  calculation  was  made  in  spherical  geometry  with  the  spherical, 

water-cooled,  depleted  uranium  target  (Appendix  A)  located  at  the  center. 

The  calculation  included  the  uranium,  water,  and  stainless  steel  jacket. 

The  source  spectrum  was  the  adjusted  photoneutron  spectrum  from  Appendix 

3 

A.  with  isotropic  emission  in  a  spherical  volume  of  2.2  cm  imbedded  at 
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the  center  of  the  uranium.  The  inner  radius  of  the  graphite  was  4.45  cm 
and  the  outer  radius  was  80.  0  cm.  There  were  26  intervals  in  the  target 
region,  one  in  the  air  gap,  and  48  in  the  graphite.  The  total  number  of 
spatial  intervals  was  75,  which  filled  the  data  storage  capacity  of  the 
Univac  1108  computer. 

The  convergence  parameter  EPS  was  10  This  is  a  measure  of 
the  change  from  one  iteration  to  the  next  of  the  volume -integrated  within 
group  scattering  source.  Convergence  took  about  four  minutes. 

The  calculated  angular  fluxes  times  energy,  vs  energy,  are 
plotted  in  Figs.  5.  1  through  5.3  for  forward  angles  up  to  62.7°.  (Note, 
the  30°,  8.  3  MeV  point  in  Fig.  5.  1  should  be  plotted  one  decade  higher.  ) 

The  calculated  scalar  flux  spectrum  is  plotted  in  Fig.  5.4. 

The  storage  capacity  of  the  computer  was  filled  at  25  groups,  and 
proper  calculation  of  the  flux  from  14.  92  MeV  through  0.  002  eV  would 

(12) 

have  required  many  more  low  energy  groups.  However,  the  GATHER-U 

calculation  carried  out  in  the  analysis  of  the  dieaway  experiments  (Section 

3)  is  of  interest.  This  calculation  was  made  for  a  buckling  corresponding 

to  the  asymptotic  fundamental  mode  (geometrical  buckling  along  all  three 

axes)  rather  than  the  steady- state  spectrum,  which  is  measured  in  the 

pulsed  source,  time -of- flight  experiment.  The  slowing  down  source  was 

assumed  to  be  1/E  from  1.  15  eV  to  1. 55  eV.  The  spectrum  of  the  scalar 

flux  is  plotted  in  Fig.  5.  5.  GATHER- II  does  not  handle  a  negative  buckling 

2 

directly,  and  attempts  to  include  the  (i  0.  04582)  buckling  of  the  T.  O.  F. 
spectrum  experiment  have  not  been  successful  thus  far.  It  may  be  neces¬ 
sary  to  extend  the  DTF-IV  calculation  to  lower  energies  to  complete  the 
theory-experiment  comparison. 
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Table  5. 1 

GROUP  STRUCTURE  FOR  CARBON  CALCULATION 


Group  E(eV?  Lethar 


1 

14.92  +  7  to  10.00  +  7 

-0.40  to  0.  00 

2 

6.70  +  6 

0.  40 

3 

4.  49  +  6 

0.80 

4 

3.01+6 

1.20 

5 

2.  02  +  6 

1.60 

6 

1.35  +  6 

2.  00 

7 

8.21+5 

2.50 

8 

4.98  +  5 

3.00 

9 

3.  02  +  5 

3.50 

10 

1.83  +  5 

4.  00 

11 

1.  11  +  5 

4.50 

12 

6.74  +  4 

5.  00 

13 

4.  09  +  4 

5.50 

14 

2.48  +  4 

6.  00 

15 

1.50  +  4 

6.50 

16 

9.  12  +  3 

7.00 

17 

5.53  +  3 

7.  50 

18 

2.  03  +  3 

8.50 

19 

7.49  +  2 

9.50 

20 

2.75  +  2 

10.50 

21 

1.  01  +  2 

11.50 

22 

3.73  +  1 

12.50 

23 

1.37  +  1 

13.50 

24 

5.  04  +  0 

14.50 

25 

1.  86  +  0 

15.50 
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Table  5.  2 

ANGULAR  MESH  FOR  DTF-IV  CALCULATION 


J i- 

Angle 

Weight  (%) 

-1.000000 

180.  0° 

0.  00000 

-0.  989401 

171.7° 

1.  35763 

-0.  944575 

160.  8° 

3. 11268 

-0.  865631 

150.  0° 

4.75793 

-0.755404 

139.1° 

6.23145 

-0.617876 

128.  2° 

7.47980 

-0.  458017 

117.3° 

8.45783 

-0. 281604 

106.4° 

9.13017 

-0.  0950125 

95.5° 

9.  47253 

0.  0950125 

84.  5° 

9.47253 

0.  281604 

73.6° 

9.13017 

0.  458017 

62.7° 

8.45783 

0.617876 

51.8° 

7.47980 

0.755404 

40.  9° 

6.23145 

0.  865631 

30.0° 

4.75793 

0.  944575 

19.2° 

3. 11268 

0.  989401 

o 

• 

00 

1.  35763 

1.000000 

o 

© 

• 

o 

0.00000 
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Fig.  5.  1« -Calculated  high  energy  spectrum  at  20.  3  cm 


J  40 
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CNCMr  (KV» 


Fig.  5.  4- -Calculated  scalar  flux  spectrum  vs  radius 
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6.  DISCUSSION  AND  RECOMMENDATIONS 
6.  1  ERROR  ANALYSIS 

The  statistical  errors  in  the  time- of -flight  measurements,  Delta (N) / 

N,  are  tabulated  with  the  data  in  Appendix  B.  In  addition,  there  are  sys¬ 
tematic  errors,  listed  in  Tables  6.  1  and  6.2.  The  first  table  is  concerned 

with  the  energy  scale  and  resolution.  The  second  table  is  concerned  with 

2 

the  relative  and  absolute  magnitude  of  the  angular  flux,  n/cm  sec  eV  sr, 
at  a  standard  source  intensity. 

The  neutron  burst  width  in  each  of  the  measurements  is  given  in  Tables 
2.  10  and  2.11.  If  we  consider  the  middle  of  the  neutron  burst  as  the  effec¬ 
tive  time  of  neutron  production,  there  is  no  error  in  the  mean  energy.  How¬ 
ever,  the  contribution  of  the  width  At,  to  the  energy  resolution  A  E/E  goes 

b  -1/2 

as  2  A  t,  /t,  where  t,  the  time-of-flight,  is  proportional  to  E  .  The 
b 

values  listed  in  Table  6.  1  are  for  the  maximum  A  t,  for  each  series  of  runs 

b 

at  the  energy  cited. 

The  emission  time  is  discussed  in  Section  3.  The  analyzed  time  inter¬ 
val  is  corrected  for  the  mean  emission  time,  <  t  >.  The  residual  error 
after  making  this  correction  is  small  for  the  fast  and  intermediate  spectrum 
measurements,  but  there  may  be  an  error  of  up  to  3%  near  0.  1  eV.  The 
timing  uncertainty  A  t  due  to  the  spread  in  emission  time  about  the  mean 

is  generally  equated  to  the  standard  deviation  a  =  /<  XT  >  —  <  t  >  2,  where 
2 

<  t  >  is  the  second  time-moment  of  the  distribution.  The  ratio  a/t  is  small 
and  fairly  constant  in  the  slowing  down  region,  reaches  a  peak  near  0.  1  eV, 
and  then  decreases  again  (see  Table  3.3  and  Fig.  3.  1). 

The  delay  in  detector  response  includes  the  mean  time -to- capture 
in  the  boron  detector  (the  neutron  interaction  time  in  the  organic  scintilla¬ 
tor  and  BF^  detector  is  negligible  compared  to  other  uncertainties).  The 
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Table  6.  1 

ERRORS  IN  ENERGY 


Source  of  Error 

Mean  Energy 

Energy  Resolution 

1 .  Neutron  burst  width 

- 

<  10%  (10  MeV) 

<  2%  (0.  1  MeV) 

<  2.  5%  (100  eV) 

2.  Emission  time  correction 

0.  1  to  3%  (at  0.  1  eV) 

0.  1%  (>  1  eV) 

35%  (0.  1  eV) 

12%  (0.01  eV) 

3.  jjetector  response  time 

<  1% 

2%  (10  MeV) 

3%  (0.  1  MeV) 

0.  5%  (100  eV) 

4.  Zero  channel 

3%  (10  MeV) 

0.  3%  (100  eV) 

2%  (10  MeV) 

5.  Channel  width 

<  0.  5% 

3%  (10  MeV) 

1%  (0.  1  MeV) 

3%  (100  eV) 

0.2%  (0.  01  eV) 

b.  Length  of  flight  path 

0.  1% 

- 

data  are  corrected  for  the  average  (over  incident  energy)  of  the  mean  time- 
to-capture:  the  contribution  to  the  residual  error  is  estimated  from  the 
variation  in  mean-times  and  the  estimated  accuracy  of  the  calculations. 
Delavs  in  cables,  etc.  are  not  considered  since  the  flight  time  is  actually 
measured  with  respect  to  the  bremsstrahlung  channel,  and  these  delays 
affect  neutron  and  photon  signals  equally. 

The  fast  neutron  detectors  have  an  estimated  jitter  of  10  nanoseconds, 
except  near  the  discriminator  threshold,  where  it  increases  to  30  nano¬ 
seconds  or  more.  However,  near  threshold  (~400  keV)  the  data  cannot  be 
trusted  anyway  since  the  efficiency  is  ill-defined.  The  boron  capture  detec¬ 
tor  has  a  similar  response,  but  most  of  the  counts  occur  with  pulse  heights 
well  above  the  threshold,  and  furthermore  the  timing  jitter  is  small  com¬ 
pared  to  the  mean  time-to-capture.  The  jitter  of  the  BF^  proportional 
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Table  6.2 
ERRORS  IN  FLUX 


Source  of  Error 

Relative  Flux 

Absolute  Flux 

1  .  Intrinsic  efficiency 

±5%  (NE211,  NE213) 

±  10%  (NE226) 

±5% (BF3 

±  8%  (NE21 1,  NE213) 
±16%  (NE226) 

±7%  (BF3 

2.  Geometry  factor 

1  to  5%  (one  collimator, 
detector) 

5% 

3.  Transmission 

±3  to  ±  12% 

±  3  to  ±  12% 

4.  Energy  calibration 

<  18% 

(see  text) 

' 

5.  Deadtime  correction 

<  1% 

<  i% 

6.  Monitor  normalization 

±2% 

±n% 

7.  Background 

Section  6.  2 

8.  Perturbations 

Section  6.  3 

counter  is  estimated  at  ±  1  nsec  with  an  additional  uncertainty  of  0.  1  nsec 
or  so  in  the  discriminator  triggering. 

The  zero  channel  refers  to  the  channel  in  which  the  bremsstrahlung 
signal  appears  in  the  scintillation  detectors;  after  subtracting  the  time-of- 
flight  of  the  photons,  it  defines  the  time  of  the  neutron  burst  to  ±  0.  5  channel 
(the  smallest  channel  width  available  was  31.2  nsec,  hence  the  zero  time 
under  ideal  conditions  was  measured  to  ±  15.  6  nsec).  However  it  has  been 
found  that  the  bremsstrahlung  does  not  always  appear  in  a  single  channel; 
the  position  of  the  midpoint  (or  peak)  is  sensitive  to  the  electron  beam  cur¬ 
rent,  and  there  may  be  errors  in  the  determination  of  the  peak  due  to  dead¬ 
time.  The  zero  channel  should  be  measured  with  a  beam  current  large 
enough  to  get  the  bremsstrahlung  signal  well  above  background,  including 
background  from  accelerator  dark  current  (the  very  small  current  observed 
from  gas  ionization  even  when  the  electron  injector  is  turned  off).  On  the 
other  hand,  the  beam  current  should  not  be  so  large  that  deadtime  losses 
or  other  effects  distort  the  measured  time  distribution.  The  discriminator 
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signal  from  the  BF?  detector  is  gated-off  for  50  jjsec  during  the  bremsstrah- 
lung  flash  (there  is  also  considerable  RF  noise  pickup  during  this  interval). 
However,  the  time-delay  between  the  injector  trigger  and  the  opening  of  the 
first  analysis  channel  of  the  modified  TMC  212  unit  has  been  measured 
electronically  as  18  jjsec,  with  good  precision.  Various  delays  in  the 
electronic^,  not  accounted  for  in  the  measurement  amount  to  at  most 
1  usee. 

The  zero-channel  should  define  the  zero  time.  However,  the  analyzer 
is  started  with  a  signal  derived  from  the  injector  trigger  generator,  and 
there  was  a  jitter  of  about  ±10  nanoseconds  in  the  actual  time  of  the  brems- 
strahlung  burst  relative  to  the  analyzer  start.  This  jitter  is  negligible 
except  at  the  highest  neutron  energies. 

The  channel  width  of  the  TMC  digital  time  analyzer  is  determined  by 
the  frequency  of  an  oscillator.  The  nominal  channel  widths  with  the 
TMC  201  unit  are  31.25,  62.5,  and  125  nanoseconds.  However,  a  measure¬ 
ment  of  the  oscillator  frequency  disclosed  the  channel  widths  should  be 
31.166,  62.332,  and  124.  664  nsec.  This  correction  has  been  made. 

Errors  in  the  wider  channels  of  the  TMC  211  and  TMC  212  units  have  been 
found  to  be  negligible.  The  quoted  error  in  mean  energy  is  based  on  estima¬ 
ted  frequency  stability.  There  remains  an  uncertainty  of  ±0.  5  channel 
since  the  energy  is  computed  for  the  time  at  the  center  of  the  channel. 
Channel  widths  are  discussed  in  Section  2.  5.  The  value  quoted  at  100  eV 
is  for  the  10  jjsec  channel  width,  and  at  0.01  eV  for  the  80  psec  channel 
width. 

The  uncertainty  in  the  flight  path  length,  including  the  positioning  of 
the  assembly,  is  estimated  at  5  cm,  or  0.  1%,  which  is  also  the  percentage 
error  in  the  flight  time. 

The  error  in  the  mean  energy  is  probably  most  important  in  the 
MeV  region,  where  carbon  has  several  resonances.  The  zero-degree 
measurements  exhibit  dips  in  the  flux  at  these  resonances,  and  since  the 
energies  of  the  resonances  are  known,  the  calibration  of  the  energy  scale 
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can  be  checked.  The  2. 08  MeV  resonance  in  carbon  appeared  at  2.  01  MeV 
(ungrouped  channels)  in  the  0°,  35.  6  cm  measurement,  or  3%  low.  However, 
this  is  hardly  outside  of  the  energy  resolution  and  is  only  off  one  channel. 

We  have  grouped  the  channels  according  to  the  estimated  resolution: 

6%  at  10  MeV,  decreasing  as/E,  for  the  NE211  and  NE213  detectors,  25% 
at  10  MeV,  decreasing  as/E,  for  the  NE226  detector,  and  a  constant  8% 

for  the  BF^  detector  runs.  The  ungrouped  output  is  on  file  at  General  Atomic. 
The  intrinsic  efficiencies  of  the  detectors  (Table  6.2)  are  discussed 

in  Refs.  4,  5,  and  6.  The  error  quoted  for  the  relative  efficiency  due  to 

error  in  the  geometry  factor  is  based  on  the  estimated  reproducibility  in 

positioning.  The  absolute  error  includes  the  estimated  uncertainty  in 
2 

(r|  A  ),  A,,  -•d  L  ,  when  using  the  average  L  to  calculate  the  geometry 

s  d 

factor.  Transmission  errors  are  discussed  in  Section  2.  6. 

The  uncertainty  in  the  energy  scale,  and  energy  resolution,  can  affect 
the  flux  measurement  when  either  the  detector  efficiency  or  transmission 
varies  rapidly,  as  in  a  resonance.  In  addition,  the  energy  resolution  affects 
the  shape  when  the  actual  flux  is  varying  rapidly,  as  in  a  resonance  or  near 
the  transition  between  the  1  /E  and  the  thermal  spectrum.  The  efficiency 
of  the  BF^  detector  varies  smoothly  and  slowly  with  energy  and  there  are 
no  resonances  in  the  transmission  of  the  flight  path  for  the  BF^  measure¬ 
ments.  The  shape  of  the  spectrum  in  thv  transition  region  is  identical  as 
measured  with  the  10  ^ec  channels  and  the  80  jjsec  channels.  However, 
the  experimental  resolution  is  mainly  determined  by  the  variation  in  emission 


time,  rather  than  the  channel  width.  The  resolution  correction  to  the  time 


(6.  1) 
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The  second  derivative  was  evaluated  graphically  for  the  time  distri¬ 
bution  measured  in  Runs  3  and  4,  7-22-66  (thermal  spectrum  at  35.  6  cm, 

0°)  with  80  usee  channels.  If  the  resolution  function  R(A)  is  taken  as  a 
C-aussian  with  a  standard  deviation  a  obtained  from  the  emission  time,  the 
largest  correction  is  18%  and  occurs  at  0.  17  eV.  At  the  same  energy,  if 
the  resolution  function  were  rectangular  with  a  width  of  2  a,  the  correction 
would  be  6%.  Since  the  resolution  correction  is  fairly  small  and  somewhat 
uncertain  because  of  the  uncertain  shape  of  the  resolution  function,  and 
since  it  is  significant  only  in  a  small  energy  range,  the  correction  has  not 
been  made.  Table  6.  2  estimates  an  upper  limit  of  18%  for  the  resolution 
correction. 

The  boron  capture (NE226)  detector  measurements  were  made  with 
the  boron-aluminum  filter,  which  has  many  resonances.  The  detector 
itself  has  a  dip  in  efficiency  due  to  a  boron  resonance.  It  is  possible  that 
there  may  be  a  small  error  remaining  at  the  resonances,  but  the  energy 
calibration  and  resolution  are  good,  the  true  flux  is  smoothly  varying,  and 
there  is  little  evidence  of  spurious  oscillations  in  the  grouped  flux  output. 
The  0°  measurements  were  made  with  the  depleted  uranium  filter  in  the 
flight  path,  and  there  are  small  residual  oscillations  at  a  few  keV. 

The  efficiency  of  the  NE2  1  1  and  NE213  detectors  is  slowly  varying 
except  near  the  threshold,  where  it  varies  approximately  linearly  in  energy. 
There  are  a  few  resonances  in  the  flight  path  transmission  but  they  are 
small.  Energy  resolution  and  mean  energy  calibration  are  reasonably  good. 
However,  in  the  zero-degree  measurements  there  are  large  and  rapid 
variations  in  the  true  flux  due  to  the  carbon  resonances.  The  results 
quoted  are  averaged  over  the  instrumental  resolution  and  no  attempt  has 
been  made  to  remove  the  instrumental  broadening.  Since  the  resolution 
is  much  better  in  the  time-of-flight  measurements  than  in  any  other  experi¬ 
ment,  and  calculations  us  ally  have  much  poorer  resolution,  this  should 
be  no  problem. 
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The  recorded  counts  vs  time  are  corrected  for  deadtirne  in  the  analy¬ 
zer.  The  correction  is  most  important  for  the  TMC  201  unit  (which  accepts 
only  one  count  per  beam  pulse)  and  the  TMC  211  unit  (which  has  a  fixed 
deadtime  of  16  usee).  There  are  two  types  of  correction,  one  for  the 
"shadowing"  of  later  channels  and  the  other  for  the  coincidence  loss  within 
the  channel  accepting  a  count.  The  correction  is  based  on 


S(I) 

* 

ROD 


WMIC 


exp(-RCI*  t)  RCI*  dt  = 


1  -  exp  (-RCI*  WMIC) 


(6.2) 


or 

RCI-  WMIC  =  -  In  (l-S(I)  /ROD*)  (6.  3) 

where 

S(I)  =  counts  recorded  in  channel  I 

RCI  =  the  desired  quantity,  true  counting  rate  per  beam  pulse 
ROD  =  true  number  of  beam  pulses 
ROD  =  reduced  number  of  beam  pulses 
WMIC  -  channel  width,  ^isec 
For  the  TMC  201  unit, 


* 

ROD 


1-1 

=  ROD  - 

1=1 


S(I) 


and  for  the  TMC  211  unit, 


* 

ROD 


ROD  - 


(6.4) 


(6.5) 


where  A  is  the  larger  of  1  and  the  integer  part  of  (I  -  16/WMIC).  In  the 
graphite  runs,  the  largest  S(I)/ROD*  was  3.  14  x  10  and  for  S(I)/ROD* 
<  <  1,  Eq.  6.  3  is  approximately  equal  to 
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RCI-  WMIC  =  S(I)  ROD* 


(6.  6) 


¥ 


& 


% 


hence  the  fractional  correction  is 

C  =  1  -  (S(I)  ROD*)  (S(I)  ROD)  =  1  -  ROD  ROD*  (b.  7) 

The  largest  value  of  £  S(I)  ROD  occurred  for  Run  1  of  5-27-66,  where 
there  was  0.248  counts /beam  pulse.  For  this  run  the  correction  was  cal¬ 
culated  by  hand  for 

1.  the  highest  count  in  a  channel  (channel  116);  8.8%  correction 

2.  the  largest  ratio  S(I)  ROD*  (channel  121);  10.2%  correction 

3.  the  largest  ROD  ROD*  ratio  (channel  512);  33.  1%  correction 
The  correction  in  the  last  channel  looks  large,  but  actually  this  channel 
does  not  contribute  to  the  data  except  as  it  is  averaged  into  the  "late 
channel”  background.  The  statistical  error  of  the  background  averaged  in 
the  last  200  channels  was  ±1.  67%.  and  a  33%  correction  in  all  of  these  chan¬ 
nels  would  result  in  an  error  of  only  0.  55%. 

Another  possible  source  of  uncertainty  is  the  deadtime  correction 
when  the  counts /beam  pulse  ratio  is  allowed  to  vary  during  the  run.  For 
example,  the  accelerator  current  may  drift,  and  there  are  often  a  few  minutes 
at  the  beginning  of  the  run  ir  which  the  current  is  varied  while  the  counts/ 
beam  pulse  ratio  is  being  evaluated.  Three  examples  were  devised  to 
estimate  the  importance  of  this  effect: 

1.  0.25  counts  'beam  pulse  for  30  minutes  and  0.20  counts/beam 
pulse  for  30  minutes.  The  corrected  counts  in  each  separate 
period  were  summed  and  compared  .th  the  counts  using  the 
average  correction.  The  difference  was  0.083%. 

2.  0.25  counts  beam  pulse  :or  10  minutes,  and  0.  125  counts/beam 
pulse  for  50  minutes.  The  difference  in  the  separate  and  the 
average  correction  was  0.  615%. 

3.  0.  125  counts/beam  pulse  for  10  minutes,  and  0.25  counts/beam 
pulse  for  50  minutes.  The  difference  in  the  separate  and  the 
average  correction  was  0.  965%. 
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We  concluded  that  residual  error  due  to  inadequate  deadtime  correction  is 
less  than  1%. 

The  monitor  normalization  has  already  been  discussed  in  Section  2.  7. 
The  errors  quoted  by  E.G.G.,  Inc.  have  been  increased  slightly  to  allow 
for  possible  nonreproducibility  in  positioning  of  the  monitor  in  the  graphite 
stock.  Relative  error  refers  to  run-to-run  normalization,  absolute  error 
to  the  value  of  the  fluence  as  measured  by  the  sulfur  activation. 

Background  is  discussed  in  Section  6.  2  and  perturbations  in  Section  6.  3. 

6.2  BACKGROUND 

The  possible  sources  of  background  in  the  graphite  time -of -flight 
experiments  are  given  in  Table  6.  3.  There  are  three  types  or  classes: 
background  which  is  constant  in  time  and  independent  of  the  accelerator 
beam  current,  background  which  is  essentially  constant  within  the  inter¬ 
pulse  period  but  which  is  proportional  to  the  beam  current  (through  the 
neutron  and  gamma- ray  yield),  and  time -dependent  background  which  is 
necessarily  also  beam-dependent. 

Ambient  background  is  included  in  the  counts  in  the  la‘e  channels  of 

the  fast  neutron  spectrum  analysis  (NE2  1 1  and  NE213  derectors),  which 

are  insensitive  to  neutrons  below  about  400  keV.  Since  the  background  is 

accumulated  during  the  same  run  as  the  data,  and  is  truly  constant,  no 

further  correction  is  necessary.  As  a  matter  of  interest,  the  ambient 

counting  rates  in  the  lead  shield  at  the  50-meter  station  are  6.4  ±  1.6  x  10 

counts  ^sec-beam  pulse  for  the  5.  08  cm  x  5.08  cm  NE211  detector, and 
-4 

1 . 8  ±  0.  3x10  counts  f\x sec- beam  pulse  for  the  12. 7 C  cm  x  12.70  cm 
NE2  1 3  detector. 

Ambient  backgrounds  for  the  boron  capture  detector  (NE226  scintillator) 
and  36  BF^  bank  were  measured  in  separate  beam-off  runs  (Run  015,  5/28/66 
for  the  NE226,  and  Run  007,  7/22/66  for  the  BF^).  In  the  boron  detector 
measurements  background  is  accumulated  in  a  second  time  analyzer  during 
the  same  run  as  the  data,  with  a  B^  filter  in  the  flight  path,  as  explained 
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in  Section  2.5.  The  filter  is  essentially  black  to  neutrons  of^>3000  jjsec 
flight  time  (—1.4  eV),  and  this  procedure  should  subtract  ambient  properly, 
assuming  the  electronics  are  reliable.  Background  is  probably  known  ic 
about  ±  10%,  plus  the  statistical  error. 

The  background  in  the  BF^  detector  measurements  is  subtracted  by 
measuring  the  spectrum  in  a  separate  run  with  a  B*^  plug  located  at  the 
bottom  of  the  probe  hole  in  the  graphite.  The  plug  should  remove  essentially 
all  of  the  neutrons,  leaving  ambient  and  any  time- dependent  gamma-ray 
background.  The  H£CTO  data  reduction  code  normalizes  the  background 
run  to  the  data  run  by  the  ratio  of  monitor  fluences,  rather  than  beam 
pulses  (or  time).  However,  the  background  was  corrected  by  hand  when  the 
difference  in  monitor  ratio  and  time  ratio  was  significant.  The  residual 
systematic  error  in  the  ambient  background  subtraction  is  estimated  at 
<  1%. 

Long-lived  activity  is  believed  to  be  small  in  all  detectors  and  in  the 
graphite  assembly.  In  any  event,  it  is  correctly  subtracted  by  the  late 
channel  and  second  analyzer  procedures,  and  by  the  separate  run  procedure 
unless  the  waiting  period  is  too  long. 

Overlap  refers  to  neutrons  which  arrive  at  the  detector  from  previous 
bursts,  due  to  a  long  flight  time  (  and  emission  time)  compared  to  the  inter¬ 
pulse  period.  Fast  neutrons  are  moderated  and  arrive  at  the  fast  neutron 
detector  with  no  overlap  and  the  fast  neutron  detector  is  insensitive  to 

lower-energy  neutrons.  Intermediate  energy  neutrons  are  moderated  and 
arrive  at  the  boron  capture  detector  with  no  overlap,  and  the  B ^  filter 
removes  lower-energy  neutrons  which  would  otherwise  reach  the  detector 
and  be  counted.  In  the  BF^  detector  runs,  the  repetition  rate  was  7.5  sec 
giving  an  interpulse  period  of  133,  333  fjsec.  Subtracting  a  mean  emission 
time  of  2090  (asec,  the  overlap  occurs  at  an  energy  of  0.00076  eV,  while 
we  measure  only  to  0.  002  eV.  Any  contribution  of  fast  neutrons  to  the 
counting  rate  at  0.002  eV  is  not  seen.  The  tail  of  the  thermal  neutron 
distribution  adds  to  the  faster  neutron  channels,  but  this  background  should 
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be  small  with  our  graphite  spectrum,  detector  sensitivity,  and  repetition 
rate.  In  a  typical  case,  the  estimated  counts /channel  in  the  tail  of  the 
thermal  neutron  distribution  was«  350  while  the  counts  /channel  at  200  eV 
was  ^  10,000.  This  estimate  includes  the  ratio  of  the  sensitivities  at 

«0.  001  eV  compared  to  200  eV. 

Photofission  gamma  rays  are  delayed  gamma  rays  from  fission  pro¬ 
duct  isomeric  transitions  and  beta-decay  in  the  depleted  uranium  target 
(bremsstrahlung  and  gamma  rays  with  a  half-life  of  much  less  than  0.  1 

l^sec  arrive  before  the  neutrons).  Measurements  have  been  made  at  the 

(23)  238 

General  Atomic  Linac'  '  of  the  delayed  gamma  rays  from  U(y,  F)  in 

the  range  of  2  usee  to  1  second  after  fission.  Results  are  shown  in  Fig.  6.  1, 

which  is  the  same  as  Fig.  17  in  Ref.  20.  The  gamma  rays  were  observed 

with  an  organic  scintillator  biased  at  510  keV.  However,  except  for  one 

with  a  few  jjsec  half-life,  the  same  isomers  (with  different  yields)  have 

been  observed  with  a  sodium-iodide  spectrometer  in  the  neutron-induced 
235  239 

fission  of  U  and  Pu,  and  half-lives  from  2.  3  ^ec  to  80  ^ec  and 

(24) 

energies  from  110  keV  to  1330  keV  have  been  assigned.  Absolute 
intensities  are  given  in  terms  of  photons  ft  cond  per  fission;  there  are 
about  2.  5  fission  neutrons  per  photofission  or  3.0  neutrons  per  photo¬ 
fission,  counting  the  direct  photoneutrens . 

Photofission  gamma  rays  (as  well  as  gamma  rays  from  absorption 
in  the  target  and  graphite)  are  not  a  problem  with  the  BF^  detector  since  it 
is  relatively  insensitive  to  gamma  radiation  and  furthermore  the  background 
run  should  properly  remove  time- dependent  as  well  as  constant  background 
(a  possible  exception  is  activity  of  several  minutes  half-life  whose  magni¬ 
tude  would  depend  on  the  exact  irradiation  history;  however,  no  such  activity 
appears  to  be  significant  in  the  BF^  runs). 

In  the  fast  neutron  detector  measurements,  background  is  measured 
from  9  usee  to  15  usee  after  fission  (actually  the  detector  is  insensitive  to 
neutrons  after  6  usee).  From  Fig.  6.  1,  we  see  that  the  rapidly -decaying 
(isomeric)  component  falls  by  a  factor  of  5  between  1  jisec  and  6  |jsec,  and  by 
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Fig.  6.  1--The  intensity  of  photofission  gamma  rays  above 
510  keV  as  a  function  of  time 


a  factor  of  2.  5  between  6  |isec  and  15  jjsec.  Thus  if  the  isomeric  component 
is  important,  we  would  expect  a  large  decrease  in  counting  rate  from  6  to 
15;asec.  An  examination  of  the  data  shows  that,  on  the  contrary,  the  count¬ 
ing  rates  are  nearly  constant.  The  worst  situation  occurs  at  0°  and  66  cm, 
since  there  the  target  is  viewed  directly  through  graphite,  which  attenuates 
neutrons  more  effectively  than  gamma  rays.  In  this  run  the  counting  rate  de¬ 
creased  no  more  than  20%  between  6  and  15  usee.  Extrapolated  to  1  usee  the 
time  -  dependent  background  would  at  most  double  the  background  to  be  sub¬ 
tracted  which  would  result  in  less  than  a  1%  change  in  the  flux.  As  a  further 
check,  we  can  estimate  the  gamma  ray  /neutron  counting  rate  ratio,  assuming 
equal  detection  efficiencies  anda  gamma  ray  energy  of  1330  keV(corr esponding 
to  u  =  1.17  cm  *  in  the  depleted  uranium  filter  and  u  =  0.  091  cm  *  in  the 
graphite).  The  gamma-ray  intensity  at,  say,  2  usee  is  about  1.  5  x  10 
photons  'usee -fission  or  0.5  photons  ^sec-source  neutron.  The  average 
neutron  intensity,  assuming  an  effective  emission  time  of  some  3  usee 
at  the  detector,  is  about  0.  3  usee  *  per  source  neutron.  Thus  without 

attenuation  the  y'n  counting  rate  ratio  is  roughly  1.7  x  10  The  neutrons 

4 

are  attenuated  in  the  graphite  by  approximately  10  ,  and  in  the  flight  path 

4 

(including  the  uranium  filter)  by  about  3  or  3  x  10  altogether.  The  gamma 

rays  are  attenuated  by  263  in  the  61  cm  of  graphite,  and  by  40  in  the  3.  144 

4 

cm  of  uranium,  or  about  10  altogether.  Thus  the  y  ,/n  counting  rate  ratio 
would  be  1 .  7(10  ^)  (3)  =  5,4  x  10  ^ ,  which  is  negligible. 

Gamma  rays  from  absorption  in  the  target  and  graphite  should  be 
properly  subtracted  by  the  late- channel  counts  in  the  fast  neutron  detectors, 
since  most  of  these  gamma  rays  will  follow  the  millisecond  dieaway  of  the 
neutron  density,  and  the  change  in  density  between  1  |jsec  and  15  (jsec  is 
negligible. 

Photofission  and  absorption  gamma  rays  are  more  of  a  problem  in 
the  boron  capture  detector,  since  its  gamma  ray  efficiency  is  on  the  order 
of  30  times  the  neutron  detection  efficiency  (the  scintillator  area  is  0.45 
of  the  neutron-detecting  area,  but  the  intrinsic  gamma-ray  detection 
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efficiency  is  probably  about  50%  compared  to  a  neutron  detection  efficiency 
of  about  0.  7%.  The  boron  capture  detector  is  biased  at  150  keV  gamma 
ray  energy).  Background  is  measured  at^  3000  ^isec  after  fission,  in  the 
constant  or  plateau  region  corresponding  to  gamma  rays  following  beta 
decay.  It  would  be  difficult  to  determine  accurately  the  magnitude  of  the 
isomeric  component,  as  detected  by  the  boron- capture  detector  under  our 
experimental  conditions.  However,  we  note  that  the  relative  magnitude  of 
the  beta-decay  component  is  enhanced  by  the  high  repetition  rate  (180  pps) 
in  these  experiments.  Without  loss  of  generality  we  can  assume  one  fission 
per  pulse;  the  measured  intensity  of  the  isomeric  component  will  then  be 
given  by  the  values  in  Fig.  6.  1.  The  measured  intensity  of  the  beta-decay 
component  will  be  180  times  the  total  number  of  beta -decay  photons  cor¬ 
responding  to  irradiation  periods  on  the  order  of  an  hour  (about  80%  of  the 
infinite-irradiation  rate).  Earlier  studies^^’  indicate  about  4  photons 
per  fission,  each  with  an  energy  of  about  1  MeV.  The  beta- ^ecay  component 
is  then  4(180)  =  720  photons/sec  and  would  exceed  the  isomeric  component 
for  all  times  greater  than  a  few  usee  after  the  pulse.  Thus  the  background 
at  the  times  corresponding  to  neutron  energies  in  the  100  eV  region,  where 
signal-to- background  tends  to  be  poorest,  should  be  correctly  subtracted 
by  the  counts  measured  at  3000  >jsec.  Unfortunately,  in  some  of  the  runs 
the  counting  rate  at  255  ;jsec  («  200  eV)  was  only  20  or  30%  above  the  back¬ 
ground  so  measured  (also  in  these  runs  the  300  jjsec  counting  rate  was 
typically  1 . 0  to  1.2  times  ambient).  A  small  error  in  measuring  the  con¬ 
stant  background  can  lead  to  a  large  error  in  the  flux.  In  this  case  it  is 
better  to  adjust  background  until  agreement  is  achieved  with  the  BF^  de¬ 
tector  in  the  common  energy  region.  The  residual  error  near  1  MeV  can 
be  estimated  by  comparison  with  the  fast  neutron  detector  results. 

Before  making  such  adjustments,  we  wish  to  estimate  the  importance 
of  gamma  ray  background  from  thermal  neutron  capture  in  the  target  and 
in  the  graphite.  These  gamma  rays  will  presumably  decay  with  half-lives 
on  the  order  of  milliseconds,  and  a  measurement  at  3000  |jsec  will  usually 
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underestimate  them  (from  Fig.  3,3,  graphite  captures  at  large  distances 
from  the  target  may  be  overestimated,  however,  the  gamma  ray  flux  in¬ 
cludes  contributions  from  captures  at  smaller  distances  also.  The  point 
is,  the  measurement  at  3000  usee  give  the  2-255  jjsec  background  only 
approximately). 

From  age-diffusion  theory  for  a  point  source  in  an  infinite  medium, 
we  can  estimate  the  order -of-magnitude  of  the  thermal  neutron  captures 
in  the  depleted  uranium  target,  relative  to  the  photofission  delayed  gamma 
ray  intensity.  From  page  164  of  Ref.  14.  the  thermal  neutron  flux  per  unit 
fast  neutron  source  intensity  is 


*th(r)  = 


T  L 
e 

8  Dr 


{.*r/L[l*.rf  -£)  -  e' V-erf(^£)]}  (6.8) 


where 

t  =age  to  thermal  =  303  cm^  +  53  cm^  (Ref.  14,  p.  351) 

L  =  diffusion  length,  40  cm 

D  =  diffusion  coefficient,  0.833  cm. 

-3  2 

At  r  -  0.  ;p  (r)  =  1.4x10  n  cm  sec  per  source  neutron/second.  The 

238  235 

capture  rate  in  the  target(  U  •'-0.22%  U)  is 


R, 


=  ftSaV*th 


(6.9) 


where 

f^  =  self-shielding  factor,  ^  0.  5 

E  =  0.  048  (2.  7  -  .0022  (694))  =  0.  20  cm'1 
a  3 

V=  volume  =  232  cm 

hence  R^  =  0.  032  absorptions  per  source  neutron.  Assuming  the  dieaway  time 
constant  is  on  the  order  of  2000  usee,  and  taking  about  6  photons/absorption, 
the  target  thermal  neutron  absorption  gamma  ray  intensity  is 
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«t)  =  0.032^-  3^2*  ■  6-f-  - 

fiss  fiss  abs  2000  usee 


-t /2000  usee 


_  ,  -4  -t/2000  photons 

=  2.9x10  e  — - - — : — 

lisec-fission 


n  ^  ,^2  -tfcisec) /2000  photons 

—  £ .  7  x  i  u  e  .. 

sec-fission 

-  T 't  - 1 

Repetitive  pulsing  will  enhance  this  by  the  factor  (1-e  1  )  =1.07 


(6.10) 


where  T  =  interpulse  period  =  5555  jjsec  (1  80  pps) ,  and  t=  2000  u  sec. 

The  calculation  is  only  approximate.  However,  the  estimat ed  intensity 
is  small  compared  to  the  photofission  gamma  ray  intensity  and  is  probably 
negligible. 

About  27%  of  the  absorptions  in  the  target  result  in  fission,  with  re¬ 
lease  of  2.  5  neutrons  per  fission.  Thus  there  will  be  a  slowly  decaying  tail 
on  the  fast  neutron  pulse  with  an  integrated  intensity  of  about  0.  032  (.  27) 
(2.5)  =  2%  of  the  prompt  neutron  emission  (in  addition  to  these  delayed 
neutrons  there  are  the  usual  delayed  neutrons  following  fission,  but  their 
intensity  is  very  low).  The  target  delayed  neutron  background  is  small 
and  is  included  in  the  late  channel  counts  of  the  fast  neutron  detectors. 

The  BF^  detector  is  relatively  insensitive  to  fast  neutrons,  and  in  any  event 
the  mean  emission  time  is  hardly  affected.  The  contribution  to  the  back¬ 
ground  of  the  boron  capture  detector  is  small  and  approximately  corrected 
by  the  3000  jjsec  measurement. 

Graphite  inelastic  scattering  gamma  rays  are  emitted  within  a  few 
nanoseconds  of  the  neutron  burst  and  should  not  contribute  to  the  background 
in  any  of  the  detectors. 

The  thermal  neutron  absorption  cross  section  in  our  graphite  is 

-5-1  -5-1 

38.8  x  10  cm  ,  compared  to  28.  1x10  cm  for  pure  carbon  (BNL- 

325,  2nd  Ed.,  Suppl.  2,  Vol.  1).  Carbon  emits  one  4.95  MeV  gamma 

ray  in  75%  of  the  captures,  and  two  gamma  rays  (3.  68  MeV  and  1.  26  MeV) 
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1 

t 


(27) 

in  cascade  in  25%  of  the  captures.  The  impurities  in  the  graphite 

are  not  known  precisely,  but  the  largest  contributor  to  the  absorption 
is  probably  boron,  which  emits  one  0.478  MeV  gamma  ray.  The  lower 
energy  gamma  rays  are  attenuated  more  rapidly  than  the  3.68  MeV  and 
4.  95  MeV  carbon  gamma  rays,  and  the  latter  should  be  the  most  im¬ 
portant.  The  attenuation  coefficient  in  graphite  at  4.  95  MeV  is  0.  05  cm  *, 
or  a  20  cm  attenuation  length.  The  attenuation  length  of  the  thermal 
neutron  flux  varies  between  the  22  cm  observed  in  the  smaller  graphite 
assembly,  and  the  40  cm  diffusion  length.  Thus  we  expect  the  gamma 
ray/thermal  neutron  flux  ratio  to  either  remain  approximately  constant 
or  decrease  with  distance  from  the  target.  On  the  other  hand,  the  cad¬ 
mium  ratio  increases,  indicating  the  ratio  of  epithermal  flux  to  thermal 
flux  is  decreasing.  An  exact  calculation  of  the  time-dependent  gamma 
ray  background  would  be  difficult.  However,  we  note  that  for  a  1/E 
spectrum,  <p(E)  -  ./  E,  the  neutron  counting  rate  is  proportional  to 


q?  .  dE 


N(E)  dE  = 


=  N(t)dt 


2  2 

E  =  gL  't 


N(t) 


;p  .  2  cp 

Tepi  dE  Tepi 

E  dt  “  t 


(6.  11) 


Tne  gamma-ray  intensity  varies  more  slowly  than  t  ,  hence  the  largest 
gamma  ray  to  neutron  ratio  occurs  at  large  t  (low  energy).  The  rea¬ 
sonable  agreement  between  the  off-zero  degree  calculations  and  boron 
capture  detector  measurements  indicates  the  graphite  capture  gamma 
ray  background  is  probably  small. 

Figure  6.  2  shows  the  0°  spectra  at  20.  3  cm,  35.  6  cm,  and  50.  8  cm 
after  attempting  to  adjust  the  boron  capture  detector  background  to  match  the 
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’’correct",  approximately  1  'E,  flux  as  measured  by  the  BF^  detector.  The 
ratio  of  the  1  E  flux  as  measured  by  the  BF^  detector,  to  the  flux  near 
200  eV  as  measured  by  the  boron  capture  detector,  was  used  to  correct 
the  net  counts  of  the  boron  capture  detector  and  thus  to  find  an  adjusted, 
larger,  constant  background.  The  final  correction  still  does  not  bring  the 
boron  capture  results  into  agreement  with  the  BF^  results.  However,  the 
counting  rate  of  the  boron  capture  detector  in  the  hundred  eV  region  is  only 
~20 %  above  the  background  obtained  from  the  second  analyzer.  The  com¬ 
puted  flux  is  extremely  sensitive  to  the  amount  of  background  subtracted, 
and  statistics  are  very  poor  so  that  the  lowest  grouped  point  is  found  in  the 
kilovolt  range  or  higher.  Even  if  this  could  be  overcome,  e.g.  by  the  use 
of  smoothed  data,  the  results  could  not  be  trusted  since  the  correction 
depends  too  sensitively  on  the  accuracy  of  the  flux  measurements  and  the 
assumed  constancy  of  gamma-ray  background.  The  0°  boron  capture  detec¬ 
tor  results  may  still  contain  sizeable  errors  in  the  few  hundred  eV  range,  but 
should  be  accurate  above  about  10  keV  since  the  signal /background  ratio  is 
much  larger  at  the  higher  energies. 

Afterglow  refers  to  the  rapidly  decaying  exponential  counting  rate 
observed  just  after  the  photomultiplier  tube  is  gated  on;  it  arises  from  the 
scintillator  phosphorescence  and  possibly  electronic  recovery  effects  follow¬ 
ing  the  overload  from  the  bremsstrahlung  flash.  It  is  often  significant  above 
-8  MeV  in  zero-degree  and  near  zero-degree  measurements,  even  with  the 
uranium  filter  in  the  flight  path.  An  approximate  correction  for  the  after¬ 
glow  in  the  NE213  detector  measurements  was  made  by  comparing  the 
NE2  1  3  and  NE21  1  measurements  at  0°,  35.6  cm.  (The  NE2 1 1  detector, 
which  has  a  faster  fluorescence  dieaway  and  smaller  bremsstrahlung  energy 
absorption  because  of  its  smaller  size,  exhibits  very  little  afterglow  back¬ 
ground.)  In  the  NE213  the  afterglow  background  is  quite  negligible  at 
6.  67  MaV.  A  mean-life  of  120  nanoseconds  for  the  NE213  afterglow  was 
found,  and  the  ratio  of  the  neutron  flux  at  6.  67  MeV  to  that  at  13.7  MeV  was 
49.  Using  the  neutron  flux  ratio,  we  found  the  magnitude  of  the  afterglow 
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at  13.7  MeV  and  corrected  the  6.67  MeV-13.7  MeV  NE213  results  by 
subtracting  an  exponentially  decaying  background  with  the  proper  magni¬ 
tude  at  13.7  MeV  and  a  120  nsec  mean-life.  At  other  positions  and  angles, 
we  used  the  same  mean-life  and  assumed  the  same  neutron  flux  ratio  to 
derive  the  afterglow  correction.  The  correction  was  often  quite  large, 

~  100%  at  10  MeV.  Since  there  is  no  guarantee  that  the  flux  ratio  is 
correct,  there  may  still  be  sizeable  errors  in  our  NE213  results  above 
«  8  MeV. 

Background  due  to  neutrons  scattered  in  the  collimators,  or  trans¬ 
mitted  through  them  is  thought  to  be  very  small,  based  on  earlier  experi¬ 
ments  with  the  same  collimation  system. 

6.  3  PERTURBATIONS 

Even  if  the  flux  were  assumed  to  be  measured  with  perfect  accuracy, 
there  might  still  be  a  discrepancy  between  experiment  arid  any  calculation 
which  did  not  take  into  account  the  exact  geometry  and  composition, 
boundary  conditions,  and  radiation  sources  pertaining  to  the  experiment. 

In  a  simplified  calculation  the  deviations  from  the  ideal  small,  isotropic 
neutron  source  in  infinite  homogeneous  graphite  may  be  considered  as 
perturbations. 

Possible  perturbations  are  listed  in  Table  6.4. 

Source  anisotropy  is  discussed  in  Appendix  A.  Fission,  scattering, 

and  absorption  interactions  of  back- scattered  neutrons  with  the  target 

materials  may  be  considered  a  perturbation  if  the  target  is  not  included 

explicitly  in  the  calculation,  although  this  is  more  in  the  nature  of  an 

approximation  than  a  perturbation.  We  did  try  a  calculation  with  the  target 

in  a  7.  62  cm  radius  cavity  and  compared  it  with  the  calculation  in  a  4.  45  cm 

radius  cavity.  At  a  depth  of  penetration  of  31.2  cm  in  graphite,  corrected 

2 

for  the  difference  in  1/r  attenuation,  the  scalar  fluxes  at  an  arbitrary 
"medium"  energy  of  145  keV  were  essentially  identical.  Since  there  would 
be  considerably  less  interaction  in  the  larger  cavity,  this  suggests  that  the 
interaction  effect  with  the  smaller  cavity  is  small.  Also,  in  Section  3 
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Table  6.4 


PERTURBATIONS 


1.  Source  anisotropy 

±  5% 

2.  Interactions  in  source  material 

<  5% 

3.  Spurious  sources 

Small 

4.  Non-infinite  geometry 

Calculable 

5.  Room  return 

Negligible 

6.  Probe -hole  perturbation 

<  10% 

7.  Electron-beam  perturbation 

Small 

we  estimated  the  thermal  neutron  absorption  in  the  target  influenced  the 
dieaway  by  less  than  5%,  and  in  Section  4  the  flux  plots  indicate  little  if  any 
flux  distortion  which  might  be  attributed  to  the  target. 

No  measurements  were  made  of  spurious  sources  of  neutrons,  such 
as  photoneutrons  produced  in  the  electron  beam  piping  or  in  the  graphite. 
Based  on  previous  experience  and  comparisons  of  theory  and  experiment 
in  similar  experiments,  we  believe  spurious  sources  are  small. 

The  influence  of  non-infinite  geometry  in  the  high  energy  experiments 
is  discussed  in  Section  2.2.  It  should  be  negligible,  especially  since  in 
most  calculations  there  will  actually  be  an  outer  boundary,  probably  spherical, 
to  maintain  a  one -dimensional  configuration.  Low  energy  spectrum  calcula¬ 
tions  must  include  the  boundary  explicitly  or  account  for  leakage  by  a  local 
buckling  which  can  be  calculated  from  the  flux  plots  in  Section  4. 

Room  return,  i.  e.,  an  external  (delayed)  source  on  the  outer  boundary 
due  t .  neutrons  backscattered  from  the  walls  and  floors  of  the  room,  should 
have  little  effect  on  the  high-energy  spectrum  measurements  since  they  are 
made  a  few  mean-free-paths  from  the  boundaries.  The  thermal  neutron  flux 
plots  indicate  the  perturbation  of  even  the  support  table  is  negligible. 

Perturbations  by  the  probe  hole  for  extraction  of  the  neutron  beam  are 
more  important,  since  the  hole  would  seldom  be  included  in  a  calculation 
and  the  unperturbed  spectrum  at  the  point  of  measurement  is  desired. 
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Various  experimental  and  analytical  studies  have  been  made,  but  few  general 
conclusions  have  been  drawn.  The  perturbation  is  smaller  with  smaller 
probe  hole  diameter,  ar.d  it  is  reasonable  to  measure  the  diameter  in  terms 
of  mean-free-paths  in  the  surrounding  medium.  In  the  thermal  experi¬ 
ments,  the  d  ratio  was  1.  5.  In  the  intermediate  neutron  energy  range, 
the  d  ratio  varied  from  3.  0  to  about  one.  In  the  fast  neutron  range  the 
ratio  varied  from  one  to  0.  3.  On  this  basis,  the  largest  perturbation  would 
be  expected  at  the  lower  energy  end  of  the  spectrum  measured  with  the 
7.  62  cm  diameter  probe  hole  and  boron- capture  detector.  Another  con¬ 
sideration  is  the  angular  distribution.  The  0°  flux,  which  is  mostly 
uncollided,  has  essentially  zero  perturbation.  Removal  of  the  ecatterer  in 
the  probe  hole  volume  would  be  expected  to  make  the  most  difference  at  large 
angles,  toward  the  backward  direction.  To  test  the  probe  hole  perturbation 
in  graphite  we  made  one  boron- capture  detector  measurement  at  60°  and 
3  5.6  cm  radius  with  the  usual  7.62  cm  diamete r  hole  (Run  8,  5-21  -66) 
and  one  with  a  3.  81  cm  diameter  hole  for  the  first  30  cm  (Run  1,  5-24-66). 
Results  are  plotted  in  Fig.  6.  3.  The  flux  as  measured  with  the  smaller 
probe-hole  was  equal  to  or  somewhat  larger  than  the  spectrum  measured 
with  the  perturbation  of  the  larger  hole.  If  the  fluxes  are  normalized  in 
the  100  keV  -  1  MeV  region,  where  the  perturbation  should  be  smallest, 
the  two  runs  agree  to  within  10%  or  so  at  all  energies  except  perhaps  the 
very  lowest.  We  conclude  that  the  probe  hole  perturbation  is  less  than 
10%.  Since  the  electron  beam  tube  and  entrance  hole  are  small  and  far 
removed  from  the  measurement  position,  their  perturbation  should  be 
even  smaller. 

6.4  COMPARISON  OF  RESULTS 

The  time-of-flight  and  foil  activation  measurements  contain  a 
great  deal  of  information.  It  will  take  some  time  to  exploit  them  to  the 
fullest  extent.  Meanwhile  we  have  made  some  preliminary  comparisons  of 
the  measurements  with  each  other,  and  with  the  available  calculations. 
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Fig.  6.  3--Comparison  of  60  spectra  vs  probe-hole  diameter 


The  spatial  distribution  of  the  absolute  thermal  neutron  flux,  as 

measured  by  indium  and  gold  foils,  is  discussed  in  Section  4.  1.  The  values 

normalized  to  unit  sulfur  monitor  fluence  are  plotted  in  Fig.  6.  4.  These 

2 

may  be  compared  with  4tt  times  the  angular  flux  (n/cm  sr  per  unit  sulfur 

monitor  fluence)  as  measured  at  90°  in  the  time-of-flight  experiment.  The 

flux  per  unit  energy  was  integrated  numerically  from  0.  002  eV  to  0.5  eV, 

multiplied  by  4n  steradian,  and  divided  by  7.  15  x  10^.  The  latter  figure 

arises  from  a  peculiarity  (to  be  corrected)  of  our  data  reduction  code  which 

6 

multiplies  the  flux  by  an  arbitrary  factor  of  7.  15  x  10  ,  and  from  an  arbitrary 
factor  of  107  between  M,  the  monitor  value  used,  and  the  actual  sulfur  moni¬ 
tor  fluence.  At  35.  6  cm,  where  the  gold  foil  was  located,  the  fluxes  agree 
to  within  better  than  10%.  At  20.3  cm  and  50.  8  cm  the  results  differ  by 

2  5-30%,  only  slightly  outside  the  estimated  experimental  errors. 

The  relative  spatial  distributions  of  the  flux  at  1. 5  eV  are  plotted  in 
Fig.  6.  5.  The  cadmium- cover ed  indium  activity,  which  is  mostly  due  to 
capture  in  the  1.46  eV  resonance,  is  plotted  from  the  Z-direction  traverse 
(Table  4.  4),  extrapolated  from  25.  4  cm  to  20.  3  cm  using  the  shape  of  the 
vertical  traverse  (Table  4.  3).  The  indium  activity  is  normalized  at  20.  3  cm 
to  the  90°  angular  flux  measured  in  the  time-of-flight  experiment.  At 

3  5.6  cm  the  fluxes  agree  to  within  12%,  and  to  within  30%  at  50.  8  cm.  How¬ 
ever,  there  is  some  evidence  that  the  90°  flux  at  50.  8  cm  is  somewhat  too 
high,  judging  from  the  0°  angular  flux,  which  is  also  plotted.  The  DTF-IV 
calculation  of  the  scalar  flux,  normalized  at  20.3  cm,  is  also  shown.  The 
calculation  is  actually  for  the  lowest  energy  group,  which  extends  from 

1. 86  eV  to  5.  04  eV,  but  the  relative  spatial  distribution  is  not  expected  to 
be  significantly  different  at  1 .  5  eV.  The  slope  of  the  calculated  flux  is 
somewhat  steeper  than  either  the  foil  or  time-of-flight  measurements. 

Relative  spatial  distributions  of  the  S(n,  p)  and  Al(n,  0t)  foil  activations 
are  discussed  in  Section  4.2.  These  activations  should  be  proportional  to 

/oo 

9(E)  o  (E)  dE  (6.  12) 

Threshold 
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RELATIVE  FLUX  (1.5  eV) 


171 


where  5pis  the  scalar  flux.  The  time-of-flight  experiment  does  not  measure 
scalar  flux,  but  angular  flux,  and  since  the  fast  neutron  flux  is  very  aniso¬ 
tropic  it  will  take  more  time  and  effort  to  derive  the  scalar  flux  from  the 
measurements.  However,  we  can  compare  the  foil  results  with  the  re¬ 
lative  activation  calculated  from  the  cross  sections  given  in  Table  4.  14 
and  the  scalar  flux  (Table  6.5)  in  the  DTF-IV  calculation  of  Section  5.  An 
approximate  numerical  integration  of  the  weighted  group  fluxes  gave  the 
S(n,  p)  and  Al(n,  a)  relative  activations  given  in  Table  6.5.  The  foil  activa¬ 
tion  results  from  Table  4.7  are  replolted  in  Fig.  6.6.  The  calculated 
activities,  normalized  to  experiment  at  20.3  cm,  are  also  plotted.  The 
calculated  and  measured  Al(n,  ft)  activities  agree  very  well  at  50.  8  cm  but 
the  foil  result  appears  to  be  about  40%  too  high  at  35.6  cm.  This  deviation 
from  a  smooth  exponential  attenuation  may  also  be  noted  in  Fig.  4.6.  The 
S(n,  p)  activities  definitely  appear  to  have  different  slopes,  the  calculated 
attenuation  being  greater  than  that  measured  by  the  sulfur  foils.  This 
requires  further  investigation  but  is  probably  related  to  the  resonance 
structure  in  the  actual  flux  spectrum. 

Figure  6.  7  is  a  plot  of  the  fast  neutron  scalar  flux  spectrum  at  35. 6  cm 
as  measured  by  the  threshold  foils  (discussed  in  Section  4.3),  and  the 
DTF-IV  calculation  arbitrarily  normalized  in  this  case  to  the  {  S(n,  p), 

Al(n,  p),  Al(n,a  )]  set  at  10  MeV.  There  are  only  a  few  points,  but  it  can 
be  said  that  agreement  is  fair  above  5  MeV  and  widely  discrepant  below 
that.  The  calculation  should  be  repeated  with  a  finer  group  structure, 
however  it  appears  that  S(n,  p)  exaggerates  the  dip  at  3.  5  MeV. 

The  fast  neutron  angular  flux  spectra  at  35.  6  cm  are  compared  with 
the  DTF-IV  angular  flux  calculations  in  Fig.  6.8.  Here  the  17°  measure¬ 
ments  have  been  normalized  to  the  19°  calculations  at  2  MeV.  Obviously 
tin*  seven  energy  groups  between  1  and  15  MeV  do  not  reproduce  the  detail 
in  the  time-of-flight  spectra,  bu.  approximately  average  the  flux.  There 


172 


4  7T  R  ^  (ACTIVITY/ATOM) 


Fig.  6.  6- -Calculated  and  measured  relative  sulfur  and  aluminum  activities 
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Fig.  6.  7--Measured  and  calculated  scalar  flux  spectrum  at  35.6  cm 
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Table  6.  5 

DTF-IV  SCALAR  FLUX 


Gp  j 

Emld  "v> 

9(E) 

35.  6  cm 

1 

1.25  +  7 

4.  92  +  6 

2. 77-5 

3. 10-6 

4.87-7 

2  i 

8.4  +  6 

3.  30  +  6 

9.40-6 
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is  evidence  of  a  systematic  discrepancy  at  lower  energies,  the  calculations 
predicting  somewhat  lower  fluxes  than  were  measured.  The  zero-degree 
measurement  lies  between  the  calculated  0°  and  8.3°  fluxes  (except  at  the 
large  resonance  dip),  as  it  should.  The  "0°"  measurement  is  actually  an 
average  over  a  finite  angular  resolution  of  ±5.  1°.  It  includes  all  the  un¬ 
collided  flux  from  the  target,  which  lies  within  an  angle  of  about  ±1. 3°. 
However,  the  DTF-IV  code  does  not  properly  calculate  this  sharply  peaked 
angular  distribution  and  thus  there  is  no  proper  way  of  averaging  the  cal¬ 
culations  over  the  experimental  resolution. 

The  20.3  cm,  30°  intermediate-energy  (^10^  to  10^  eV)  spectrum 
measured  by  time- of- flight  agrees  quite  well  (±  1 0-20%)  with  the  DTF-IV 
calculation,  and  both  are  nearly  1/E  (there  is  a  slight  decrease  at  lower 
energies).  At  35.6  cm  both  theory  and  experiment  rise  approximately  twice 
as  fast  as  1/E,  with  decreasing  energy.  At  50.8  cm  experiment  and  theory  rise 
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approximately  three  times  as  fast  as  l/E.  Qualitatively,  this  variation 
is  expected  since  the  spectrum  softens  with  distance  in  a  graphite  column. 

There  are  no  DTF-IV  calculations  available  yet  for  energies  below 
a  few  eV.  Th  low-energy  spectrum  in  reactor- grade  graphite  is  very 
sensitive  to  leakage  (as  well  as  to  the  scattering  kernel),  and  the  positive- 
buckling  GATHER-II  calculation  does  not  agree  at  all  with  the  measure¬ 
ments.  Attempts  to  calculate  the  spectrum  with  a  negative  buckling  have 
been  unsuccessful  so  far. 

6.5  RECOMMENDATIONS 

The  experimental  research  in  this  program  has  provided  a  rather 
complete  description  of  the  penetration  of  neutrons  in  graphite,  comprising 
time-of-flight  and  foil  measurements  of  spectra  and  energy-integrated 
fluxes,  as  well  as  dieaway  measurements.  Many  more  comparisons  could 
be  made  between  experimental  results,  particularly  to  explore  the  relia¬ 
bility  of  threshold-foil  measurements.  However,  the  main  purpose  of  the 
research  was  to  provide  an  experimental  standard  for  guiding  and  testing 
transport  calculations.  The  choice  of  input  meshes,  and  other  numerical 
and  physical  approximations,  is  always  restricted  by  finite  computer 
storage  and  computation  time.  Given  accurate,  high- resolution  measure¬ 
ments  of  the  space-energy-angle  distribution,  as  well  as  some  time- 
dependent  information,  it  should  be  possible  to  track  down  the  sources  of 
discrepancies  between  theory  and  experiment  with  much  more  insight  and 
confidence  than  has  hitherto  been  possible. 

A  start  has  been  made  on  theory- experiment  comparison,  as  dis¬ 
cussed  in  Section  6.4.  However,  perhaps  the  most  interesting  aspect,  viz. 
the  influence  of  the  energy- group  structure  and  cross  sections  on  the  cal¬ 
culation  of  the  spectrum  and  spatial  distribution,  could  not  be  investigated. 
Reliable  thermal  neutron  calculations  are  entirely  lacking.  Graphite,  like 
some  other  non-hydrogenous  materials,  has  interesting  neutron  attenuation 
properties.  The  flux  is  attenuated  much  more  strongly  in  the  resonances 


177 


than  between  or  below  them,  which  severely  tests  the  multigroup  approxi¬ 
mation.  In  hydrogenous  materials  the  low- energy  flux  follows  the  fast 
neutron  attenuation  and  reaches  an  asymptotic  spectrum,  while  in  graphite 
the  low  energy  neutrons  are  attenuated  less  rapidly  than  the  fast  neutrons, 
and  the  spectrum  continues  to  soften  with  distance.  Approximations  which 
might  be  valid  for  hydrogenous  materials  may  not  work  for  graphite.  In 
Monte  Carlo  calculations  it  is  necessary  to  include  some  form  of  variance- 
reduction  to  obtain  decent  statistical  precision  even  at  moderate  penetra¬ 
tions.  Comparison  of  Monte  Carlo  calculations  with  the  measurements 
should  help  evaluate  the  reliability  of  different  variance- reduction  proce¬ 
dures.  Additional  calculations  by  Monte  Carlo  and  discrete- ordinates  codes 
are  strongly  recommended. 

The  graphite  assemblies  could  not  be  made  truly  infinite  for  low- 
energy  neutrons.  With  so  little  absorption,  the  spectrum  is  quite  sensitive 
to  leakage.  There  is  probably  a  real  difference  in  the  flux  at  200  eV  in  the 
smaller  and  larger  graphite  assemblies,  although  the  monitoring  may  have 
been  somewhat  different  and  the  accuracy  of  both  the  BF^  and  the  boron- 
capture  detector  measurements  is  poorest  here  (the  signal/background  ratio 
is  small  and  the  efficiency  of  the  BF^  detector  is  not  too  well  known).  This 
question  bears  more  investigation,  however,  we  note  that  the  thermal  spec¬ 
trum  can  still  be  calculated  separately,  using  the  spatial  distribution  of 
the  slowing- down  source  from  the  indium  foil  activations. 

In  future  work  we  recommend  studying  the  common  hydrogenous 
material,  water,  the  common  high- Z  material,  iron,  and  then  iron/water 
laminated  shields.  Neutron  angular  flux  spectrum  measurements,  and 
later  gamma- ray  angular  'lux  spectrum  measurements,  will  test  the  oxygen 
and  iron  cross  sections  and  the  theoretical  procedures  for  handling  the 
important  problems  of  inelastic  scattering,  secondary  gamma  ray  produc¬ 
tion,  and  the  spatial  distribution  of  the  low  energy  flux  near  the  iron/water 
interface.  The  neutron  spectrum  measurements  can  be  performed  as  in 
the  graphite,  except  our  new  high- efficiency,  low- background 


intermediate-energy  detector  wouid  be  used  and  either  a  larger  NE211 
detector  or  the  NE213  detector  with  pulse-shape  discrimination.  The 
new  on-line  computer  will  permit  time-compression  of  the  analysis  chan¬ 
nels,  and  more  flexibility  in  accumulating  and  subtracting  background.  A 
concurrent  effort  in  analysis  should  be  carried  out  if  maximum  benefit  is 
to  be  realized. 
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1.  INTRODUCTION 


Measurements  of  neutron  spectra  in  shields,  moderators,  and 
subcritical  reactors  are  made  by  the  pulsed  source,  time-of-flight  tech¬ 
nique  at  the  General  Atomic  Linear  Accelerator  Laboratory.  The  object 
of  this  report  is  to  describe  the  characteristics  of  the  7.  62-cm  diameter 
depleted  uranium  target  developed  as  the  standard  neutron  source  for 
fast  and  intermediate  spectrum  measurements. 

In  any  comparison  of  calculated  and  measured  spectra  it  is  essen¬ 
tial  that  the  source  spectrum  and  angular  distribution  be  known  accurately. 
An  advantage  of  the  Linac  measurements  is  that  the  angular  flux  spectrum 
of  the  source  can  be  measured  by  the  time-of-flight  technique,  just  as  in 
the  assembly  itself.  Since  the  target  is  often  imbedded  in  the  shield  or 
reactor,  it  is  desirable  that  the  emission  be  reasonably  independent  of 
position  on  the  target  surface.  The  position-independence,  or  spherical 
symmetry,  is  sometimes  expressed  by  saying  the  target  is  isotropic  (with 
respect  to  the  axis  of  the  electron  beam).  This  is  particularly  important 
when  the  flux  at  different  angles  is  measured  at  supposedly  equivalent  posi¬ 
tions  within  the  experimental  assembly,  a  situation  which  often  arises 
since  it  is  impossible  to  rotate  the  flight  path  and  it  is  often  inconvenient 
to  bend  the  electron  beam.  In  measurements  of  the  penetration  of  neutrons 
to  great  depths  in  shields,  a  very  intense  pulsed  source  is  required.  To 
accept  the  full  electron  beam  power  from  the  Linear  Accelerator,  the  tar¬ 
get  must  be  water-cooled  instead  of  air-cooled,  but  the  isotropy  relative 
to  the  electron  beam  should  not  be  impaired.  It  is  desirable  also  that 
there  be  little  degradation  of  the  fast  neutron  spectrum. 

2.  TARGET  DESIGN 

Figure  1  is  a  photograph  of  the  target  showing  the  water  coolant 
connections  in  one  standard  configuration.  Figure  2  is  a  simplified  cross 
section.  From  time  to  time,  modifications  have  been  made  in  the  design 
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Fig.  1 --Photograph  of  the  7.62  cm  water-cooled  uranium  target 


of  the  electron  beam  inlet  snout,  water  connections,  support,  and  method 
of  assembly,  but  these  should  not  change  the  neutron  emission  character¬ 
istics  appreciably.  The  basic  component  is  the  depleted  uranium  sphere 
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(0.  22  weight  percent  U),  7. 62  cm  in  diameter,  with  a  2.  54  cm  dia¬ 
meter  cylindrical  reentrant  hole  extending  to  within  0.  85  cm  of  the  center 
of  the  sphere.  The  electron  beam  impinges  on  the  bottom  of  this  hole. 

To  avoid  fission-product  and  uranium  contamination  of  le  water,  the  sphere 
is  plated  with  0.  0254  cm  cf  copper  and  0.  0127  cm  of  nickel.  (The  main 
difficti^y  with  the  target  is  getting  a  satisfactory  plating  of  the  reentrant 
hole. )  The  cooling  water  flows  between  the  bottom  of  the  reentrant  hole 
and  the  0.  0813  cm  thick  copper  window  admitting  the  electron  beam.  A 
parallel  stream  flows  around  the  outside  of  the  sphere,  directed  by  thin 
vanes  not  shown  in  the  figure.  The  water  is  contained  by  a  0.  0762  cm 
thick  jacket  of  Type  304  stainless  steel.  Because  of  variations  in  fabrica¬ 
tion  and  assembly,  the  outer  water  stream  may  vary  from  0.  18  cm  to  0.  23 
cm  thickness.  The  stream  at  the  electron  impingement  surf?ce  is  0.32 
cm  thick. 

The  depth  of  the  reentrant  hole  and  the  diameter  of  the  sphere  were 
carefully  chosen  as  a  result  of  the  investigations  of  G.  D.  Trimble,  et  al. ,  ^ 
at  the  Linear  Accelerator  Laboratory.  The  depth  of  the  hole  was  chosen 
to  make  he  centroid  >1  photoneutron  production  coincide  with  the  center  of 
the  sphere.  Three  radiation  lengths  between  the  electron  impingement  sur¬ 
face  and  the  center  of  the  sphere  was  found  to  be  best  in  experiments  with 
Fansteel  (89%  W,  7%  Ni,  4%  Cu)  and  depleted  uranium  targets.  The  neu¬ 
trons  then  traverse  the  same  amount  of  material  in  every  direction,  except 
at  the  reentrant  hole  itself.  The  target  diameter  was  made  sufficiently 
large  that  scattering  smooths  out  the  remaining  anisotropy;  the  larger 
diameter  also  helps  attenuate  the  bremsstrahlung  incident  on  the  experi¬ 
mental  assembly  and  neutron  detector.  Fansteel  spheres  of  2.  54,  7.62, 
and  9.  60  cm  diameter  were  investigated,  as  well  as  5.  08  and  7.  62  cm 
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diameter  spheres  of  depleted  uranium.  The  emission  vs  angle  to  the 
electron  beam  was  measured  by  activation  of  sulfur  and  aluminum  foils 
placed  in  a  ring  around  the  target,  and  by  time -of- flight  measurements. 
The  emission  of  the  7.62  cm  diameter  uranium  sphere  is  as  uniform  as 
the  9.60  cm  diameter  Fansteel  sphere,  presumably  because  of  the  iso¬ 
tropy  of  photofission  neutron  production.  The  photoneutron  yield  of 

(2) 

uranium  is  twice  as  large  as  that  for  Fansteel,  and  uranium  was  chosen 
despite  the  disadvantage  of  fission-product  contamination  in  event  of  cool¬ 
ing  or  plating  failure. 

With  air  cooling,  the  target  can  dissipate  about  200  watts  without 
excessive  temperature  risvj.  To  handle  higher  electron  beam  power,  and 
to  contain  any  fission  products  or  uranium  which  may  escape,  the  water 
cooling  jacket  was  added.  Calculated  heat  removal  capacity  is  1.  5  kW  at 
250°F  maximum  uranium  temperature,  at  a  flow  rate  of  6  gal/ min  and 
system  backpressure  of  25-30  lb/in^.  Measurements  indicate  the  design 
is  conservative,  and  somewhat  higher  power  could  be  accommodated. 

3.  MEASURED  NEUTRON  EMISSION 

3.  1  ISOTROPY  RELATIVE  TO  THE  ELECTRON  BEAM 

Figure  3  is  a  polar  plot  of  the  relative  activation  of  sulfur  foils 

placed  around  the  air-cooled  or  water-cooled  target  at  a  radius  of  15  cm. 
32  32 

The  reaction  is  S(n,  p)  P,  with  a  3  MeV  threshold.  Figure  4  is  a  plot 

27  24 

for  the  activity  from  Al(n,a)  Na,  which  has  a  7  MeV  threshold.  The 
deviations  from  uniform  emission,  as  seen  by  the  foils,  are  6-10%,  ex¬ 
cept  in  the  backward  direction.  In  shield  and  reactor  spectrum  measure¬ 
ments,  the  neutron  beam  is  generally  extracted  from  the  assembly  in  the 
30°  to  100°  region. 
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Fig.  3- -Sulfur  activation,  air  and  water-cooled  7.  62  cm  target 
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3.  2  MEASUREMENTS  OF  THE  ANGULAR  FLUX  SPECTRUM 

Measurements  of  the  spectrum  have  been  made  by  the  time-of- 
flight  method  on  at  least  three  separate  occasions,  ^  These  measure¬ 
ments  have  been  made  at  different  angles  to  the  radius  vector,  different 
positions  on  the  surface,  and  with  different  size  collimators.  All  con¬ 
firm  the  rather  high  degree  of  position- independence  implied  by  the  foil 
activation  experiments  at  MeV  energies,  and  the  uniformity  should  be 
even  better  at  lower  energies.  The  latest  series  of  measurements  will 
be  discussed  here.  For  these  measurements  the  electron  beam  was  bent 
by  an  electromagnet,  and  the  target  was  translated  left-to- right  or  up- 
and-down,  so  that  different  areas  on  the  target  surface  and  different  angles 
to  the  radius  vector  could  be  observed. 

At  each  position  and  angle  the  spectrum  was  measured  with  the  5.  08 
cm  by  5.  08  cm  NE211  liquid  scintillation  detector  biased  at  0.  054  cobalt 
units,  ^  or  about  500  keV  neutron  energy.  For  measurements  below  about 
1.5  MeV,  our  19  cm  diameter  boron  capture  detector  was  used.  This  con¬ 
sists  of  a  disk  of  boron  carbide  plus  paraffin  mixture  (approximately  75 
weight  percent  B^C,  and  25  weight  percent  CH^),  19  cm  diameter  and  10 
cm  thick,  which  slows  down  and  captures  neutrons.  The  480  keV  boron 
capture  gamma  ray  is  detected  in  a  12.7  cm  diameter  by  7.6  cm  thick 
NE226  (hexafluorobenzene  base)  liquid  scintillator.  The  scintillation  de¬ 
tector  is  mounted  coaxially  and  in  contact  with  the  borated  disk;  bias  was 

145  keV  electron  energy.  The  efficiency  of  the  NE211  scintillator  was 

(3) 

obtained  from  the  Verbinski  calculations.  The  efficiency  of  the  boron 
capture  detector  was  obtained  in  two  steps.  First  the  probability  and 
spatial  distribution  of  captures  for  selected  neutron  energies  was  calcu¬ 
lated  with  the  OSR  Monte  Carlo  code.  Secondly  the  absolute  detection 
efficiency  for  480  keV  gamma  rays  was  measured  with  a  1  cm  by  1  cm 
Be^  source,  as  a  function  of  position  in  a  duplicate  borated  disk.  The 
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over-all  efficiency  is  then  simply  the  weighted,  volume-integrated  cap¬ 
ture  probability.  The  05R  code  also  calculates  the  first  and  second 
moments  of  the  time-to-capture,  for  corrections  to  the  measured  time 
spectrum. 

Run- to- run  source  output  monitoring  was  accomplished  by  activa¬ 
tion  of  sulfur  foils.  The  results  from  the  two  detectors  are  expressed  as 
neutrons  incident  (corrected  to  a  flight  path  transmission  of  unity)  per  eV, 
per  monitor  count.  To  correct  for  the  difference  in  solid  angles  of  the 
two  detectors,  the  boron  detector  results  have  been  multiplied  by  11.  04, 

the  ratio  of  the  area  of  the  borated  disk  to  the  area  of  the  5.  08  cm  NE211 

o 

detector.  In  Fig.  5  we  see  the  angular  flux  at  0  to  the  radius  vector  at 

different  positions  on  the  surface,  measured  with  a  1.  27  cm  diameter 

collimator.  The  positions  are  indicated  by  the  diagram  in  the  figure.  In 

Fig.  6  we  have  similar  measurements,  but  now  at  about  30°  to  the  radius 

vector.  The  angular  flux  spectrum  from  the  target  is  quite  symmetric, 

i.  e. ,  independent  of  position  on  the  surface,  in  agreement  with  the  activa¬ 
te 

tion  measurements.  The  angular  distribution  is  more  peaked  at  0  than 
a  cosine,  as  would  be  expected  for  a  sphere  only  a  mean  free  path  or  so 
in  radius.  The  spectrum  is  softer  at  larger  angles,  indicating  the  impor¬ 
tance  of  inelastic  scattering  relative  to  absorption. 

In  another  series  of  measurements  (with  a  different  sulfur  monitor 
location),  the  target  spectrum  was  measured  with  a  collimator  which 

viewed  the  entire  hemisphere,  (see  Fig.  7).  The  angle  between  the  elec- 

o 

tron  beam  and  the  collimator  was  95  in  this  case.  The  hemisphere- 
integrated  angular  flux 
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assuming  spherical  symmetry,  where  6  is  the  angle  to  the  radius  vector. 
The  result  is  also  equal  to  the  angle -integrated  leakage  at  one  point.  For 
some  calculations  the  hemisphere -integrated  spectrum  (total  leakage)  may 
be  sufficient;  however,  for  other  calculations  the  angular  distribution  at 
the  surface  has  to  be  included.  The  measured  spectra  are  listed  in  Tables 
I  through  XIV. 

When  the  target  is  imbedded  in  the  experimental  assembly,  inter¬ 
actions  of  neutrons  with  the  uranium  may  not  be  negligible.  The  uranium 
is  then  included  in  the  calculations,  and  the  source  is  taken  as  the  nascent 
photoneutron- production.  Photoneutron  distributions  are  discussed  in  the 
following  section. 

4.  PHOTONEUTRON  DISTRIBUTIONS 

4.  1  MEASURED  SPATIAL  DISTRIBUTIONS 

The  spatial  distribution  of  high-energy  bremsstrahlung  from  28 

MeV  electrons  incident  on  depleted  uranium  was  measured  by  activation 

of  0.318  cm  diameter  by  0.  0076  cm  thick  copper  foils  sandwiched  between 

18  depleted  uranium  disks  each  2.  54  cm  in  diameter,  0.  076  cm  thick,  and 

plated  all  over  with  0.  0127  cm  of  copper  for  protection  against  oxidation. 

The  electron  beam  (diameter  less  than  1  cm)  was  normally  incident  on 

axis  at  one  end  of  the  stack,  and  passed  through  a  2.  54  cm  diameter  by 

0.  0076  cm  thick  copper  disk  which  served  for  run-to-run  beam  monitor- 

63  62 

ing.  The  10-minute  activity  from  the  Cu(y,  n)  Cu  reaction  was  counted 

on  a  Nal(Tl)  scintillation  detector.  The  (y,  n)  cross  section  peaks  at  about 

18  MeV  and  has  a  width  in  the  giant  resonance  of  about  6  MeV  (FWHM). 

238 

For  U  the  peak  occurs  a  few  MeV  lower,  but  the  copper  foils  should 
give  a  reasonable  measure  of  the  spatial  distribution  of  photoneutron  pro¬ 
duction.  Results  are  shown  in  Fig.  8.  As  a  further  measure  of  the  spa¬ 
tial  distribution,  the  fission-product  activity  (gamma  rays  above  0.511 
MeV)  from  each  of  the  depleted  uranium  disks  was  counted  24  hours  after 
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irradiation.  The  relative  activation  is  plotted  vs  thickness  (actually 
number  of  disks)  in  Fig.  9.  From  these  measurements  we  conclude  that 
the  photoneutron- photofission  neutron  production  can  be  approximately 
represented  as  a  uniform  distribution  within  a  sphere  of  0.  85  cm  radius, 
located  at  the  center  of  the  target  sphere. 

4.  2  SPECTRUM  AND  ANGULAR  DISTRIBUTION 

No  measurements  have  been  made  of  the  angular  distribution  of  thin- 
target  photoneutrons.  We  have  made  one  measurement  of  the  spectrum  from 
a  thin  (0.46  cm)  disk  of  depleted  uranium,  plotted  in  Fig.  10.  However, 
the  statistics  below  50  keV  were  poor  and  there  was  some  question  about 
the  performance  of  both  the  NE211  and  boron  detectors.  This  experiment 
may  be  repeated  later,  but  it  is  difficult  to  get  reliable  results  with  thin 
targets.  There  is  a  very  large  scattered  gamma  ray  background,  and 
the  neutron  spectrum  from  a  thin  target  may  not  be  representative  of 
the  spectrum  of  photoneutrons  in  a  thick  target  such  as  the  7.62  cm  sphere. 
Nevertheless,  it  is  a  point  of  departure  for  calculations,  as  discussed 
later. 

(4) 

MacGregor  states  that  the  (y,  n)  process  yields  neutrons  princi¬ 
pally  in  an  evaporation  spectrum  peaking  at  about  2  MeV,  plus  a  high  energy 
tail.  The  (y,  F)  process  produces  a  neutron  spectrum  peaked  around  1  MeV. 
The  spectrum  is  essentially  independent  of  electron  bombarding  energy 
\at  high  energy),  presumably  because  the  photonuclear  cross  section  is 
peaked  at  about  15  MeV.  MacGregor  refers  to  nuclear  emulsion  data^ 

.'or  70  MeV  bremsstrahlung  in  Pb,  Sn,  Cu,  Fe,  Al,  and  C.  The  photoneu¬ 
tron  spectra  were  interpreted  as  a  combination  of  evaporation  and  direct 
absorption.  The  evaporation  spectrum  is  of  the  form 


N(E)  =  const.  E  exp  (-E/T) 
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with  a  constant  nuclear  temperature  of  1,  2  ±  0.  1  MeV  for  Cu  and 
1.0  ±  0.2  MeV  for  Pb.  The  evaporation  neutrons  are  emitted  isotropically 
in  the  laboratory  system.  The  direct  component  contributes  a  spectrum 
peaking  at  about  5  MeV  and  is  anisotropic.  The  work  of  the  MIT  Linac 
groups  shows  angular  distributions  are  fitted  by  W(0)  =  aQ+aj  Pj  +  a^ 
where  P^  and  P^  are  the  Legendre  polynomials  and  0  is  the  angle  of  neu¬ 
tron  emission  relative  to  the  electron  and  bremsstrahlung  beam.  At  15 
MeV  maximum  bremsstrahlung  energy,  a^  =  0  and  -a^/a^  varies  from  0 
to  0.  8  depending  on  the  nuclide  and  the  neutron  energy  (the  coefficients 
are  given  for  evaporation  plus  direct  neutrons,  but  the  anisotropy  comes 
in  with  the  direct  component).  Thus  the  angular  distribution  is  symmetric 
about  and  peaks  at  90°.  The  fraction  of  photoneutrons  which  are  direct  is 
0.  2  to  0.  3.  Photoneutrons  from  uranium  are  expected  to  follow  the  same 
general  behavior  as  those  from  other  heavy  elements. 

The  photofission  neutron  spectrum  has  the  same  form  as  the  neu¬ 
tron-induced  fission  neutron  spectrum, 

N(E)  =  const.  >/¥  exp  (-E/T  ..) 

ett 

where  T  is  an  effective  temperature.  The  spectrum  from  thermal 

e“  235  238  (7) 

neutron  fission  of  U  and  the  U  photofission  neutron  spectrum'  1  as 

measured  just  above  threshold  (—5  MeV)  are  essentially  identical,  with 
T^  =1.3  MeV.  For  higher  excitation  energy  we  might  expect  the  photo¬ 
fission  spectrum  to  be  somewhat  harder.  If  MacGregor's  statement  is 

to  be  taken  literally,  T  =  2  MeV  since  this  gives  a  spectrum  peaking  at 

elf. 

1  MeV.  The  angular  distribution  of  photofission  neutrons  is  isotropic  in 
the  lab  system. 

Spectrum  measurements  are  rare,  but  there  are  some  measure- 

18  q  \ 

ments  of  photonuclear  cross  sections.  *  The  ratio  of  the  integrated 
photofission  cross  section  to  the  integrated  total  neutron  emission  cross 
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238  _ 

section  is  0.  24  in  U.  Taking  an  average  v  =  3  for  the  neutrons  per 
fission,  wc  find  that  some  72%  of  the  neutrons  should  come  from  photo¬ 
fission  and  hence  be  emitted  isotropically  and  follow  a  ^ E  dependence 
at  low  energies. 

The  discussion  above  indicates  in  a  broad  way  what  to  expect,  but 
the  photoneutron  distributions  should  receive  more  attention.  Meanwhile, 
we  rely  on  the  thick  target  (sphere)  angular  flux  spectrum  measurements. 

5.  TARGET  CALCULATIONS 

An  extensive  series  of  calculations  were  carried  out  on  the  leak¬ 
age  spectrum  from  the  depleted  uranium  target.  The  target  was  calcu¬ 
lated  as  a  3.  03  in.  (7.  69  cm)  diameter  sphere  of  depleted  uranium  (0.  20% 
235 

U),  surrounded  by  a  spherical  shell  of  water  0.  090  in.  (0.  229  cm) 
thick,  and  then  a  spherical  shell  of  stainless  steel  0.  034  in.  (0.  086  cm) 
thick.  Cross  sections  were  generated  for  26  energy  groups  extending 
from  14.  9  MeV  to  1.  86  eV,  using  the  GAM-II  code.  The  group  struc¬ 
ture  is  given  in  Table  V.  The  source  spectrum  used  in  GAM-II  was  an 

238 

extrapolated,  measured  U  thin  target  photoneutron  spectrum.  A  reson- 

Z  38  o 

ance  calculation  was  done  for  U,  at  a  temperature  of  300  K,  and  the 

buckling  was  10  ^  in  the  calculation. 

The  angular  flux  at  the  surface  and  the  total  leakage  vs  energy 

(computed  by  Znr  .(/l)/l  Apt)  were  calculated  with  GAPLSN.  The 

1  1  238 

extrapolated,  measured  thin-target  U  photoneutron  spectrum  was 
used  in  an  isotropic  source  distributed  in  a  small  volume  (2. 1  cm  )  at 
the  center  of  the  uranium.  The  group  intensity,  Q^,  is  listed  in  Table  XV 
for  the  trial  calculations  made  to  determine  the  effect  of  different  approxi¬ 
mations. 
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5.2 


EFFECT  OF  ANGULAR  MESH 


The  total  leakage,  with  cross  sections,  was  calculated  in  the 
SA,  S^,  and  Sx7  approximations.  The  S1A  and  angular  meshes  agree 
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to  1%  or  better  even  in  the  highest  energy  groups  where  the  flux  is  most 
anisotropic.  The  predicted  flux  tends  to  be  low,  about  10%  in  the 
highest  energy  groups  and  less  at  lower  energies.  The  angular  flux  at 
the  surface  is  not  predicted  at  all  well  by  for  energies  in  the  MeV  re¬ 
gion.  The  S  ,  and  results  are  closer,  deviations  being  about  20%  at 
2.  5  MeV.  The  calculation  is  probably  adequate  for  most  purposes, 
although  S  7  is  desirable  for  very  high  energy  neutrons. 


5.  3 


EFFECT  OF  SPATIAL  MESH 


The  number  of  spatial  intervals  was  increased  from  33  to  54  with 
no  significant  difference  in  either  the  total  leakage  or  the  angular  flux. 
This  indicates  that  33  intervals  are  sufficient,  and  a  fewer  number  might 
have  been  adequate. 

The  angular  flux  at  the  "surface’'  is  actually  the  average  flux  in 
the  last  spatial  interval,  which  was  about  0.  04  cm  wide.  Thus  it  is 
possible  to  get  a  small,  but  non-zero,  computed  flux  for  0.  Usually 
this  is  of  no  consequence.  A  calculation  was  carried  out  for  a  0.  4  cm 
void  outside  of  the  target.  As  expected,  the  return  flux  (/jl<  0)  was  ac¬ 
tually  zero,  the  total  leakage  was  not  affected,  and  the  angular  flux  was 
more  forward-peaked  (as  the  distance  from  the  target  is  increased, 
the  angular  distribution  approaches  that  from  a  point  source).  In  subse¬ 
quent  calculations  the  average  flux  in  the  small  outer  interval  (no  void) 
was  accepted. 


5.  4  EFFECT  OF  ENERGY  GROUPING 

An  investigation  was  made  of  the  adequacy  of  the  25  energy  group 
structure.  Results  for  groups  1-11  of  the  25-group  structure  were 
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compared  with  results  for  28  groups  over  the  same  energy  range  (14.9- 
0.  11  MeV).  This  represents  the  maximum  detail  available  (GAM-11  fine 
group  structure,  A/Lt  =  0.  1)  and  removes  any  dependence  on  the  averaging 
flux  spectrum.  The  total  leakage  at  the  higher  energies  is  6-8%  lower 
with  11  groups  than  with  28  groups,  but  only  2-3%  lower  at  lower  energies. 
The  angular  fluxes  at  the  surface  for  the  first  group  differ  by  8%,  but  less 
than  3%  below  group  3.  Thus  the  coarser  energy  grouping  is  probably  ade¬ 
quate  except  perhaps  near  14.  9  MeV. 

5.  5  EFFECT  OF  CONVERGENCE  PARAMETER 

Most  of  the  calculations  were  performed  with  the  GAPLSN  conver¬ 
gence  parameter  (change  in  the  volume  integrated  scalar  flux  between 

-5 

iterations)  equal  to  10  ,  which  should  be  sufficiently  small.  To  test 

this,  one  calculation  was  done  with  a  convergence  parameter  of  10 
No  significant  differences  in  the  fluxes  were  found. 

5.  6  EFFECT  OF  SOURCE  VOLUME 

In  most  of  the  calculations  the  isotropic  source  was  assumed  to  be 

3 

uniformly  distributed  in  a  2.  1  cm  spherical  volume  at  the  center  of  the 
target.  This  is  slightly  less  than  the  effective  volume  derived  from  the  ac¬ 
tivation  measurements  in  Section  4.  1.  To  investigate  the  importance  of 

3 

the  source  volume,  the  calculation  was  repeated  with  a  volume  of  7.2  cm  . 
The  total  leakage,  normalized  to  the  same  number  of  source  neutrons,  is 
the  same  within  2%.  The  angular  flux  spectrum  at  the  surface  also  agrees 
to  within  2%,  except  for  p  =  1.  However,  the  p  =  1  (0°)  flux  is  calculated 
by  a  special  version  of  GAPLSN.  It  has  zero  weight  and  is  not  used  in  the 
angular  integration.  Previous  experience  has  indicated  that  the  magnitude 
of  the  /i  =  1  calculation  is  probably  in  error.  This  effect  is  being  inves¬ 
tigated  in  calculations  with  the  DTF-IV  code  where  angles  nearer  p  =  1 
can  be  included  for  the  same  number  of  angular  intervals. 
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5.  7  EFFECT  OF  WATER  AND  STAINLESS  STEEL  JACKET 

A  possible  variation  of  0.  06  in.  (0.  152  cm)  to  0.  09  in.  (0.  229  cm) 
in  the  thickness  of  the  water  jacket  may  arise  from  fabrication  and  assem¬ 
bly  tolerances.  A  calculation  with  0.  152  cm  water  thickness  showed 
essentially  no  difference  in  total  leakage  at  energies  above  100  keV  (Table 
XVI).  At  lower  energies,  however,  the  moderation  of  the  additional 
0.  076  cm  of  water  becomes  significant,  and  at  100  eV  the  leakage  is  50% 
larger  with  the  thicker  layer.  The  angular  flux  at  the  surface  essentially 
unchanged  above  1  MeV,  is  20%  larger  at  10  keV,  and  twice  as  large  with 
the  thicker  layer  at  lower  energies.  This  shows  the  importance  of  main¬ 
taining  a  uniform  water  thickness  for  low  energy  work  in  heavy  metal 
assemblies.  However,  the  variation  in  water  thickness  should  make  little 
difference  in  light  materials  such  as  graphite  or  CH^,  because  the  low 
energy  spectrum  is  determined  mainly  by  elastic  moderation  rather  than 
by  the  source  spectrum. 

In  another  calculation  the  water,  and  the  stainless  steel  jacket, 
were  removed  entirely.  Without  them,  the  leakage  is  3%  higher  at  12 
MeV,  8%  higher  at  1  MeV,  and  more  than  a  factor  of  2  lower  below  10 
keV.  Large  differences  also  occur  in  the  angular  fluxes.  The  0.229  cm 
water  and  stainless  steel  jacket  were  included  in  all  other  calculations. 

5.  8  COMPARISON  OF  CALCULATED  AND  MEASURED  SPECTRA 

The  total  leakage  spectra  as  measured  (Fig.  7)  and  as  computed 
in  a  P^,  25-group,  2.  1-cm^  source  GAPLSN  calculation  using  the 

trial  photoneutron  spectrum  from  Table  V  are  plotted  in  Fig.  11.  The 
photoneutron  spectrum  is  also  plotted.  Calculations  are  normalized  to 
the  measurement  at  2.  5  MeV.  The  calculated  leakage  spectrum  is  in 
rather  good  agreement  above  2  MeV,  but  is  too  high  at  lower  energies. 
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Since  the  photoneutron  spectrum  has  not  been  measured  accurately 
between  50  keV  and  1.5  MeV,  and  the  extrapolation  below  50  keV  is  un¬ 
certain,  we  have  elected  to  adjust  the  low  energy  source  spectrum  down¬ 
ward  to  force  close  agreement  in  the  total  leakage  spectra.  Thus  when 
the  adjusted  source  is  used  in  a  similar  discrete-ordinates  calculation, 
the  correct  leakage  spectrum  will  be  produced.  Table  XVII  lists  the 
group  intensity  and  Q^/AE  of  the  adjusted  source  spectrum,  and  the 
ratio  of  calculated  to  measured  total  leakage  with  this  source.  The  adjust¬ 
ment  has  achieved  agreement  to  within  a  few  percent  except  at  the  lowest 
energies.  Also  compared  in  Table  XVII  are  the  calculated  and  measured 
angular  flux  spectra  at  0°,  and  the  flux  calculated  at  an  average  angle  of 
20°  compared  to  the  flux  measured  at  about  30°.  All  spectra  are  normal¬ 
ized  at  2.  5  MeV  for  shape  comparison.  Agreement  is  within  20%  or  so 
except  at  the  highest  energies,  where  the  calculation  may  be  inade¬ 
quate. 

The  agreement  in  total  jeakage  strictly  holds  only  for  a  similar 
discrete-ordinates  calculation.  For  other  types  of  calculations  the  source 
may  have  to  be  adjusted  slightly  to  match  calculated  and  measured  spectra. 

The  calculated  angular  fluxes  are  listed  in  Table  XVIII. 
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Table  XV 

GROUP  STRUCTURE  AND  TRIAL  SOURCE 


Group 

Energy  Interval  (eV) 

Lethargy  Interval 

Trial 

Qo 

Trial 

q0Me 

1 

1.492  +7  -  1.000  +  7 

-0.4  -  0.  0 

2.300-3 

4. 67-10 

2 

6.703  +  6 

0.4 

1.748-2 

5.30-9 

3 

4. 493  +  6 

0.8 

4.016-2 

1.82-8 

4 

3.012  +  6 

1.2 

6.041-2 

4. 08-8 

5 

2.019  +  6 

1.6 

8.425-2 

8.48-8 

6 

1.353  +  6 

2.0 

1.636-1 

1.75-7 

7 

8.209  +  5 

2.5 

2. 0241-1 

3.80-7 

8 

4.  979  +  5 

3.0 

1.8416-1 

5.70-7 

9 

3.020  +  5 

3.5 

1.2813-1 

6.54-7 

10 

1.832  +  5 

4.  0 

6.887-2 

5.80-7 

11 

1.  Ill  +  5 

4.5 

3.883-2 

5.39-7 

12 

6.738  +  4 

5.0 

2.305-2 

5.27-7 

13 

4.  087  +  4 

5.  5 

1. 396-2 

5.3-7 

14 

2.479  +  4 

6.0 

8.470-3 

5.3-7 

15 

1.503  +  4 

6.5 

5.  140-3 

5.3-7 

16 

9.119  +  3 

7.0 

3.  120-3 

5.3-7 

17 

5.531  +  3 

7.5 

1.890-3 

5.3-7 

18 

2.  035  +  3 

8.5 

1.840-3 

5.3-7 

19 

7.485  +  2 

9.5 

6.800-4 

5.3-7 

20 

2.754  +  2 

10.5 

2.500-4 

5.3-7 

21 

1.013  +  2 

11.5 

9.2-5 

5.3-7 

22 

3.727  +  1 

12.5 

3.4-5 

5.3-7 

23 

1.371  +  1 

13.5 

1.2-5 

5.3-7 

24 

5.  043  +  0 

14.5 

4.6-6 

5.3-7 

25 

1.  855  +  0 

15.5 

1.7-6 

5.3-7 
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Table  XVI 

COMPARISON  OF  TOTAL  LEAKAGE  FOR  WATER  THICKNESS 
OF  0.  229  cm  AND  0.  152  cm 


Group 

0.  229  cm  Water 

0.  152  cm  Water 

1 

5.49-10 

5.47-10 

2 

5.  82-9 

5.82-9 

3 

1.  96-8 

1.95-8 

4 

4.  34-8 

4.  34-8 

5 

9.  53-8 

9.  56-8 

6 

2.  25-7 

2.27-7 

7 

6. 27-7 

6.41-7 

8 

1.  28-6 

1. 30-6 

9 

1.70-6 

1.73-6 

10 

1.  80-6 

1.81-6 

11 

1.74-6 

1.70-6 

12 

1.72-6 

1.67-6 

13 

1.82-6 

1.71-6 

14 

1.75-6 

1.56-6 

15 

1.99-6 

1.72-6 

16 

2.  30-6 

1.92-6 

17 

2.60-6 

2.07-6 

18 

3.47-6 

2. 66-6 

19 

5.  16-6 

3.66-6 

20 

7.67-6 

5.  01-6 

21 

1.  18-5 

7. 16-6 

22 

1.  83-5 

1.  05-5 

23 

2.57-5 

1.37-5 

24 

4.  44-5 

2.21-5 

25 

7. 19-5 

3.32-5 
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Table  XVII 

ADJUSTED  SOURCE  AND  TARGET  FLUX  SPECTRA 


Group 

E(eV) 

Adjusted 

Qo 

Q0ME 

Total  Leakage 
Calculated/ 
Measured 

Flux  at  0° 

Calculated/ 

Measured 

Flux  at  20° 
Calculated/ 
Measured 

1 

1.25+7 

3.00-3 

6.  10-10 

0.99 

1.  34 

---- 

2 

8.  35+6 

2.08-2 

6.31-9 

1.00 

1.43 

1.56 

3 

5.60+6 

5.36-2 

2.42-8 

1.01 

1.00 

1.07 

4 

3.76+6 

8.19-2 

5.53-8 

1.01 

0.  99 

1.01 

5 

2. 52+6 

1.089-1 

1.10-7 

1.00 

1.  00 

1.00 

6 

1.69+6 

1.252-1 

1.88-7 

1.00 

1.09 

0.98 

7 

1.09+6 

1.765-1 

3.32-7 

1.00 

1.25 

1.14 

8 

l> 

6.  59+5 

1.605-1 

4.97-7 

1.01 

1.16 

0. 99 

9 

4. 00+5 

1.075-1 

5.49-7 

1.00 

1.10 

1.02 

10 

2.43+5 

5.28-2 

4.44-7 

1.02 

0.  97 

0.79 

11 

1.47+5 

3.65-2 

5.06-7 

0.  94 

0.  98 

0.81 

12 

8. 92+4 

2.42-2 

5.54-7 

0.  97 

13 

5.41+4 

1.44-2 

5.43-7 

0.  99 

14 

3.  28+4 

9.20-3 

5,72-7 

0.  97 

15 

1.99+4 

6.10-3 

6.25-7 

0.95 

16 

1.21+4 

5. 10-3 

8.64-7 

0.89 

17 

7.23+3 

5.40-3 

1.50-6 

0.80 

18 

3.78+3 

5.20-3 

1.5-6 

19 

1. 39+3 

1.90-3 

1.5-6 

20 

5. 12+2 

7.00-4 

1.5-6 

21 

1.88+2 

2.60-4 

1.5-6 

22 

5.2+1 

9.40-5 

1.5-6 

23 

2.5+1 

3.50-5 

1.  5-6 

24 

1.0+1 

1.30-5 

1.5-6 

25 

3.4+0 

4.80-6 

1.5-6 

GAPLSN  CALCULATED  ANGULAR  FLUX  PER  UNIT  ENERGY 


42 


•■H 

w 


vO 

oo 


o 

co 

OS 

r- 


o 

o 

41 

nO 


o 

r^ 

• 

lT 

in 


O 

in 

nO 

4* 


O 

in 

in 

co 


_  o  o 


^4 

•■4 

#■4 

O'  O'  O' 

O'  O'  O'  O' 

O' 

O'  00 

oo 

oo 

00 

00 

00 

n- 

f- 

i 

i 

| 

1 

1 

1 

1 

1 

t 

i 

1 

i 

1 

• 

i 

1 

1 

1 

t 

i 

i 

| 

vO 

m 

c*- 

co 

CO 

CO 

4* 

r* 

4* 

4* 

in 

CO 

CO 

o 

vO 

r*- 

CO 

00 

O'  m 

SO 

o 

n- 

00 

4*  vO 

4* 

f** 

^4 

in 

r- 

4* 

O' 

4* 

m 

Csl 

co 

o 

r- 

o 

O'  m 

00 

n» 

r*- 

—4 

o 

O 

in 

o 

m 

co 

O 

o 

m 

r** 

Csl 

O'  rvj 

O'  co 

C0 

^4 

vO 

•-4 

41 

^4 

CO 

CO 

co 

CO 

CO 

4* 

00 

<4 

^4 

<4* 

4*  vO 

00* 

^4 

ci 

co 

CO 

cH 

o 

© 

o 

c-4 

—4 

^4 

^4 

^4 

O' 

O' 

O'  O'  O'  00 

00 

00 

00 

00 

00 

00 

r** 

r** 

r- 

c- 

r- 

vO 

i 

i 

| 

| 

1 

■ 

1 

1 

• 

1 

i 

1 

1 

1 

i 

i 

| 

i 

« 

i 

1 

i 

i 

o 

«n 

C0 

00 

4* 

O' 

o 

o 

00 

00 

in 

4« 

vO 

o 

4* 

vO 

O'  in 

O' 

H 

•-4 

vO 

m 

r- 

co 

m 

CO 

4* 

4* 

m 

^4 

^4 

4* 

vO 

O' 

c- 

m 

«*4 

r- 

CO 

CO 

co 

sO 

CO 

o 

00 

co 

O 

*-4 

o 

O 

CO 

co 

O'  O'  r- 

00 

4* 

in 

4* 

^4 

co  vO 

co 

CO 

^4 

0O 

^4 

ro 

Is- 

co 

4* 

m 

r- 

O' 

• 

~4 

—4 

^4 

CO* 

co 

in 

00* 

^4 

ci 

co 

co 

—4 

CO 

^4 

o 

O 

o 

—4 

.-4 

^4 

*-4 

O'  O' 

O'  oo 

oo 

00 

00 

00 

00 

00 

00 

n- 

r- 

NO 

'O 

1 

| 

t 

i 

i 

1 

| 

1 

i 

i 

| 

1 

1 

• 

1 

i 

| 

i 

■ 

• 

i 

1 

1 

o 

o 

O'  vO 

4* 

O'  sO 

CO 

4* 

O' 

•-4 

^4 

00 

00 

CO 

O' 

CO 

CO 

•H 

ro 

—4 

00 

O' 

CO 

CO 

*-4 

^4 

00 

4* 

in 

«— 4 

O 

o 

oo 

4* 

in 

o 

in 

CO 

NO 

4* 

co 

O 

O' 

Is- 

4* 

vO 

^4 

C0 

vO 

00 

co 

o 

co 

r- 

ro 

O' 

o 

co 

in 

O'  o 

m 

«-* 

4* 

O' 

in 

in 

vO 

4«* 

-* 

CO 

O'  co 

NO 

O'  ■— i 

•-4 

CO 

CO* 

4* 

in 

vO 

O' 

ci 

4*  vO 

00 

—4 

ri 

(M 

cH 

o 

O 

•—4 

^4 

^4 

^4 

^4 

O'  O'  oo 

00 

00 

00 

00 

00 

00 

00 

00 

00 

r- 

r- 

N O 

>o 

i 

| 

| 

1 

i 

1 

1 

i 

1 

i 

i 

1 

• 

1 

1 

1 

1 

• 

■ 

■ 

| 

i 

• 

| 

H 

CO 

vO 

00  so 

O'  4« 

•-4 

O'  co 

in 

CO 

ro 

ro 

sO 

O' 

co 

—* 

CO 

00 

^4 

NO 

I"* 

o 

»-* 

CO 

^4 

o 

»4 

^4 

co 

r— 1 

co 

vO 

r- 

co 

co 

in 

CsJ 

O'  CO 

4* 

•4 

CO 

r» 

o 

00 

00 

CO 

O'  O' 

m 

o 

CO 

r- 

^4 

sD 

»4 

^4 

CO 

O'  nO 

4* 

O' 

^4 

m 

in 

4* 

^4 

^4 

00 

CO 

in 

^4 

in 

H 

^4 

*•4 

co 

CO 

CO 

4< 

in 

vO 

O' 

H 

ri 

co 

sO 

00 

•4 

ci 

4« 

<M 

^4 

o 

o 

*■4 

#-4 

^4 

-4 

^4 

O'  O'  O'  oo 

00 

00 

00 

00 

00 

.00 

00 

00 

00 

n- 

r» 

n- 

nO 

sO 

i 

i 

i 

1 

1 

i 

1 

i 

■ 

• 

i 

• 

1 

• 

• 

• 

1 

1 

| 

i 

■ 

i 

i 

| 

• 

CO 

C0 

O' 

m 

m 

CO 

O'  4« 

^4 

00 

4* 

c- 

O'  NO 

m 

o 

O' 

m 

co 

C0 

00 

00 

o 

O 

^4 

^4 

CO 

4« 

00 

r- 

co 

in 

00 

CO 

vO 

o 

#4 

o 

co 

o 

00 

o 

^4 

in 

m 

CO 

o 

c0 

in 

4* 

o 

4« 

r* 

m 

00 

o 

co  vO 

o 

NO 

nO 

ro 

00 

co 

o 

ro 

o 

O' 

co 

o 

vO 

in 

4* 

^4 

4« 

^4 

co 

Qv  -4 

-4 

CO 

CO 

ro 

“ 

co 

4* 

'O 

00 

H 

CO 

co 

m 

-o 

H 

ci 

<M 

H 

O 

o 

o 

r-H 

•H 

^4 

H 

O' 

O'  00 

00 

00 

oo 

00 

00 

00 

00 

00 

00 

00 

r- 

Is- 

r- 

r- 

sO 

-D 

1 

1 

| 

i 

i 

1 

l 

■ 

■ 

i 

| 

1 

1 

1 

1 

| 

1 

1 

I 

1 

■ 

i 

| 

| 

i 

vO 

m 

o 

O'  vO 

CO 

00 

o 

m 

•-4 

ro 

o 

CO 

00 

o 

in 

n- 

vO 

co 

ro 

m 

r- 

00 

00  sO 

CO 

o 

4* 

in 

in 

CO 

in 

o 

4* 

4* 

•-4 

~4 

sO 

00 

^4 

r4 

00 

O' 

in 

m 

4* 

o 

NO 

O' 

O 

n- 

o 

c0 

sO 

r- 

co 

4* 

<-4 

4* 

yO 

00 

o 

ro 

00 

00 

vO 

•4 

co 

o 

^4 

00 

00 

H 

00 

-H 

—t 

^4 

m 

r~ 

•—4 

in 

co 

CO 

ro* 

ro 

rO 

CO 

CO 

4<" 

vO 

O' 

^4 

ci 

CO 

4« 

sO 

H 

~4 

co 

H 

o 

o 

H 

H 

H 

^4 

O' 

O'  O'  oo 

00 

00 

00 

00 

oo 

00 

00 

00 

oo 

00 

r- 

r- 

r~ 

n- 

r* 

nO 

NO 

1 

1 

1 

1 

| 

1 

| 

| 

i 

i 

1 

1 

| 

| 

1 

1 

1 

1 

■ 

| 

i 

i 

| 

i 

| 

sO 

00 

in 

o 

vO 

r~- 

4* 

O' 

CO 

C0 

NO 

nO 

*■4 

4* 

CO 

CO 

vO 

o 

-4 

<-4 

co 

o 

o 

CO 

in 

O'  00 

CO 

o 

o 

4« 

00 

CO 

00 

CO 

O' 

O 

4* 

^4 

CO 

00 

ro 

—4 

H 

ro 

^4 

4* 

in 

O'  sO 

00 

in 

O' 

in 

^4 

'O 

^4 

o 

CO 

co 

in  %o 

n- 

c4 

H 

4* 

00 

4* 

o 

o 

NO 

m 

o 

r* 

CO 

4« 

CO 

vO* 

^4 

CO 

00 

co 

co 

CO 

co 

co 

rO 

CO 

4* 

in 

r-* 

o^ 

H 

ci 

CO 

4* 

NO’ 

^4 

H 

H 

O 

^4 

*4 

O' 

O'  O' 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

r- 

r- 

r- 

n- 

r~ 

n- 

nO 

nO 

t 

| 

1 

1 

i 

1 

1 

1 

< 

1 

1 

1 

l 

1 

i 

i 

| 

| 

i 

i 

| 

| 

i 

1 

| 

vO 

00 

4« 

4« 

4« 

4« 

4« 

00 

O' 

CO 

co 

co 

NO 

m 

O' 

00 

o 

4* 

4* 

4* 

4* 

4* 

CO 

4* 

o 

*■4 

O 

ro 

4«  sO 

CO 

4* 

o 

NO 

O' 

CO 

O'  vO 

in 

o 

CO 

Is- 

sO 

co 

O' 

co 

in 

o 

4* 

in 

CO 

o 

m 

CO 

r» 

sO 

CO 

co 

NO 

co 

CO 

O'  o 

O' 

in 

1—1 

CO 

vO 

CO 

o 

O' 

in 

H 

in 

in 

CO* 

4* 

<> 

H 

co  vd 

• 

c- 

nD 

vO 

vO 

in 

in 

m 

H 

*-4 

CO 

CO 

4* 

• 

nO 

H 

H 

o 

H 

O' 

00 

00 

00 

n- 

r- 

r- 

r- 

n- 

n- 

n- 

c~ 

n- 

n» 

r- 

c- 

r- 

r- 

r- 

r- 

r* 

nO 

nO 

• 

i 

1 

i 

1 

i 

i 

■ 

| 

i 

i 

i 

i 

1 

i 

i 

i 

i 

| 

i 

■ 

| 

■ 

i 

i 

00 

in 

O' 

00 

O' 

00 

CO 

r- 

O' 

00 

00 

O' 

41 

O'  r» 

CO 

O' 

CO 

o 

o 

i 

00 

NO 

in 

4< 

sO 

H 

~4 

4«  SO 

00 

o 

ro 

•-4 

nO 

CO 

O' 

O 

ro 

co 

CO 

m 

4* 

00 

o 

rO 

CO 

in 

co 

H 

00 

CO 

00 

00 

o 

o 

00 

r- 

O 

O' 

vO 

4* 

4* 

00 

00 

i 

-O 

o 

in 

O 

O' 

4* 

•-4 

4* 

CO 

H 

CO* 

in 

c4 

CO 

co 

co 

CO 

• 

-4 

^4 

—4 

c-4 

CO 

co 

ci 

4« 

cO 

• 

P» 

vO 

H 

CO* 

CO 

CO 

4* 

in 

vO 

r~ 

00 

O' 

o 

H 

co 

CO 

4* 

in 

sO 

r- 

00 

O' 

o 

— • 

CO 

CO 

4* 

in 

*■4 

^4 

^4 

—* 

c-4 

^4 

<-4 

^4 

~4 

CO 

CO 

CO 

CO 

CO 

co 

REFERENCES 


1.  G.  D.  Trimble,  G.  K.  Houghton,  and  J.  H.  Audas,  "Measure¬ 
ment  of  Neutron  Spectra  in  Liquid  Hydrogen,  "  NASA  Report 
NASA  CR-54230,  General  Atomic  Division,  General  Dynamics 
Corporation,  September  30,  1964. 

2.  R.  H.  Stahl,  J.  L.  Russell,  Jr.  ,  and  G.  R.  Hopkins,  "Pulsed 
Neutron  Sources,  "  General  Atomic  Report  GA-5533  (August  7, 
1964). 

3.  A.  E.  Profio,  "Verification  of  Analytical  Techniques  (GAPLSN  - 
Transport  Theory  and  G5R  -  Monte  Carlo  Theory)  by  Utilization 
of  Measured  Fast  Neutron  Spectra  in  Infinite  Paraffin  and  Spheri¬ 
cal  Paraffin  Shields,  "  Air  Force  Weapons  Laboratory  Report 
AFWL-TR-65-193,  General  Atomic  Division,  General  Dynamics 
Corporation,  March  1966. 

4.  M.  H.  Macgregor,  "Neutron  Production  by  Electron  Bombard¬ 
ing  of  Uranium,  "  GAMD-6805  (November  23,  1965). 

5.  W.  R.  Dixon,  "Energy  and  Angular  Distribution  of  Photoneutrons 
Produced  by  70  MeV  X-Rays,  "  Canadian  Journal  of  Physics,  33, 
785  (1955). 

6.  W.  Bertozzi,  S.  Kowalski,  G.  S.  Mutchler,  C.  P.  Sargent,  and 
W.  Turchinetz,  "The  Energy  and  Angular  Distributions  of  Photo¬ 
neutrons  from  Heavy  Elements,  "  Paper  presented  at  1965  Gordon 
Photonuclear  Conference. 

7.  June  Matthews,  "Energy  Spectra  and  Angular  Distributions  of  Neu¬ 
trons  Limited  in  Photofission  of  Even-Mass  Nuclei,  "  S.  M,  Thesis, 
MIT  Dept,  of  Physics,  June,  1962. 

8.  Earl  K.  Hyde,  The  Nuclear  Properties  of  the  Heavy  Elements, 
Fission  Phenomena  (Prentice-Hall,  Englewood  Cliffs,  N.  J. , 

1964)  Vol.  Ill,  p.  494. 

9.  B.  I.  Gavrilor  and  L.  E.  Lazareva,  "Yields  of  Photoneutrons 
for  Intermediate  and  Heavy  Nuclei,  "  Soviet  Physics  JETP,  3, 

871  (1957). 


43 


44 


10.  G.  D.  Joanou  and  J.  S.  Dudek,  "GAM-II  ■  A  Code  for  the 
Calculation  of  Fast  Neutron  Spectra  and  Associated  Multigroup 
Constants!  ”  General  Atomic  Report  GA-4265  (1963). 

11.  J.  H.  Alexander,  G.  W.  Hinman,  and  J.  R.  Triplett,  "GAPLSN  - 
A  Modified  DSN  Program  for  the  Solution  of  the  One -Dimensional 
Anisotropic  Scattering  Transport  Equation,  "  General  Atomic  Re¬ 
port  GA-4972  (1964). 


« 


APPENDIX  B 


TABULATED  TIME -OF -FLIGHT  DATA 


r 


X 

1 


-I 

Itl 

o 


'  u 

z 

Ul 


pococnnnr  orr  orococcpocopoecrcecceoeocoe'bcoccocccoc 
iliiiiiiiiiiiiiiiiiiiiiiiiiaiiiiiiaiiiiiiiiitiiiiii 
tfinoi>A»'(f^o«>o«MyNC(V«:"O^Q-co«iot  ii^K  r  y  ,fif>.«icP-W',>:4«C<r: 

iKt  o»-oNMflm4eh>etfN«nN*i*itinK«on  m-coix  tVHirn«iiONMi'«<ic 
•*> irr-  ni-'ir><iccfU4*o<ur>e'ir9®-'Nn9in>4®^inc<«><o«'tj'<r<r*cj-<-in''vriK®®4C>9Nccc;o' 
®irir<rinif»irMrinir:««r9*«'>r'i'>K>r'«uc*-«e»»  c  w  <r  «v  r  rc  rr  «>oc  h  x  c  i  it  c  m  4  it  4  »o  a  a  »•■ 

M>4Hf<<4wpip)^^^^piH><«<>4piHi4><>i><i«ii'ir^h>ei0inipninir^niiM''Ai(yi>4ir'tini  i  s  j  44 

Kimi^rtiriinin^npoio^inioioiomioinnuion^inKininioioioflnnnn  srninio  4  to*  *  *  4  4  4  4  4 

♦  ♦♦♦♦♦*>*♦♦♦♦♦*♦♦♦♦♦♦♦♦♦♦♦***♦♦♦♦**♦**♦♦*♦♦♦♦♦♦♦♦♦♦ 

*  <c  m «  ki  4  f  pp1  94  -•  iv  c>  <m  <r  <r  «r  c  iretC«c*o»>-«t>irtr<onc'{rf»cM^o  -<  «\i  -•  c. 

pitJ  *cc  a  crff  ir«  <>  cc  nkpi£  KH<»*c«r(f  skp  *c  t«rn-®ca 

‘  ~  --  -  -  -  -  -  --  --  --  -...  -  c  ^  (v  ^ - — . 


999999999994  99999  •or*<r>r9>-'<v4r^c'9c<irr'<£<i 


J««c»  %•  4  c  x  c  ^ 


iYfY9«o«<»»99999'099i'>99999«'>m9-j  4  4  4  4  4  4  49949999  9999999999 

W  ft  3ncm<tn»io«eofl«4hNinooiAiftoivid*40Hooeio«|iK)N«od>>4Pi<i)<eoAi«innp 
-»  9  *0  4  <v-<4<u9-i*j’'>o  4  o  <v  9  o<  pmajj  cp*  o-*k>o'9ono9  r'lfto  rip  <g  9  o  *1  -»9<\i49r--9f^f» 


<  n  n  *v  n  ^  n  .*  siinPMJ'p  -«  <h  9  *g  rg  9  4  tnr»  tv  *:  "M 


%  N,  NMNAIAINN<NNNNAINlUN<VMNNAINAINNNMNNNAINNMAINIM<V<MNMNNI\iNNNNNMNNM 

o  —  o  o  o  e  ®  e  ©  o©  o  o  o  c  o  o  ©  o  ©  ©  ©  o  o  o  o  e  o  o o  o  o  o  oo  oo  o  o  o  o  o  o  a  o  o  o  o  o  o  o  o  o  o 

a  z  aiiaiaaaaaaaaaiaaaaiaaaaaaiaiaaaaaaaaaaaaaaaaiaaiaia 

w  W  9  9^10  0«IJM1OP«in4H3a  a9HOHMIN  MHh^NiMfMOOLI*  #J)OOOC03 

<  «  m  tn  ^  «i  »  n  e  •< «  *  >c  »<  io  ^  i  Mf  s  ip  h  win  h  ir  h  h  («*«  •  *  f-  9  r-  «vj  r>  n 

i-  9  <y  «  •*  4  9-  9  9  4  4  9  9  r»  o>  9  ir  it  «c  x  -•  4  -<  4  a  in  ®  o  9  r»  e  «o  nN  n  •*  o  x>  «v  o  9  r*  r*  4  m  c  4  ®  «j  «r  -<  a>  9 

-»  4  c  9  m  9  ®  r»  r»  k  r  ®  o  a  a  o  ©  4  9  9so  ®  K  p»  ®  ®  »  e-  9  >  r*  r»  a-  g  c  ®  c  t- »"  -o  ®c  r-  c  ■£  9  .0 


Ul 

Ul 


nnnnnmonnnnnnnnnnnioionnnnnnionnnnonnnnnionn  nmonnnn^nflion 


♦♦♦♦♦♦♦♦ 


■♦♦♦♦♦♦♦♦♦♦♦ 


OfN  9  -9(r'9O<09f\IN9990*or'<4>9'03>CUP>  n|COP»4-4-4»>»«>0'9  4  ccin  9  «g>9<o®9i£*a© 

•JPCI«iS*lflJ>HO3hM1O>0NOOl0'0\«9'l«<-*4O'«H#(H(y9O(MOrfH-«O9O9nftl  J'8  3'Jlfl 
rg  O  -CO*  {*  3  ®  0«  9  O'  ®  ®  ©  C«  £  ®  ®  ®  N  r»  h>  r>  F*  r*  4~  ®  4  «0  ®  «0  ®  .0  <4  .0  £  9  99  9  99  9  99999 

OOCOOOO©.-l9-l-l9-l-«9-4-i~'-'-i9-t-i-i~4-l9«-iCW<g'M<U'g«V(gA;t<<<g(J<g<g.\.<\CV>'\;:V<V;<l'M<«.<g 

O'llflOhflfJMIftO  4©<V3rjg}99~«-*r')4rj99-«C'0-«UC*UO  Cj9  0  9o99(99  99  Cl 

999  3  4»  9  o  9  9  f|  0  O  M  CJ  9  O  9999  0944  9  4  9  9  4  HOfl  -t  9  4  4  -<  9  (4  9  9  4*  O  CO  O'  Of-  0  9  f* 

»  ^i,v.')«'  ig  ^  o?  ;  /i.v)  or-  j  j  j  v  j  n  ..•  r»  j  9  9  •*  9  if>c«  j  ••*  9  4  -•  <  1  a  a*  j  ~« r- r« 

(MH*»»  N»n>j'>Mfi/5Na»-i*ii»*<0f|M0lii0on)0'j-irJ*i0N«;  o  9  tn  o  rg  0  o  4  9  n  o  -• 

«v  o  4  9  ocxe*.4-».*-i..«.-t?g<v»\irg99  4  »99or^«no>  4  9  t  c  4  **  -c 


3? 


*1  rt  H 
OOO 
♦  ♦  ♦ 
4  irtH 
9  O  •* 
•4**i  0 


O  '4  O  O 

♦  4  ♦  ♦ 
H  >.  >4 

i*>  n  -14 

-tflPal 

a  t  4-* 


••  3  © 
0  c  u 
♦  ♦  ♦ 
9  (Vl» 
9  9  9 
9  a  ig 
3  il  9 


S  3  3  a 
©  'J  o  o 

♦  ♦  ♦  ♦■ 
9-10  0' 
0  0  4  9 
iig  0  h 

f-  *4  4  a 


0  0  3  3 
l.  Q  C  _. 
♦  ♦  ♦  ♦ 
HifUM- 
ig  -«  9  C 
•>  0  iv  9 
4  1'*  '1J> 


OOOOO 

OOOOO 

♦  ♦  ♦  ♦•  4 

O  i\l  IV  0  9 
-1  9  9  C  -t 

0  J  9  ^  9 


0  3  0 
c  o  o 
*  f  f 
9  O  k-J 
0  4  9 
4  C.  O 
M  3  9 


^HH4HHHHO<<OM<><0ii1  9  4  J  M  IO  N  4  (\j  PI  I'M 


B-l 


1 


BLANK  PAGE 


■jtr 


INFINITE  MEDIUM  63APHITE  SPECTRUM 


i 


nnnn«inmoionnni>ii>>>onnni>)nn 
ooooooooooopooooooooooooo 

iiiii  i  i  M  i  iTii  m  i  I)  n  i  '  -  * 

*  ...  .  0  «.  *«  I* - 


oooooooooooooeooooooooooooo 
•  III!  I  I  I  I  I  I  I  III  I  I  I  I  I  I  I  I  11  II 
h*  eon  in  -  «r  *  m  nr*  mnh  «  hn 


.  .  .  innnnnnnNNNAiNiiAiNniNNNNNNAi 

»00  I - 

. .....Jll.  ...... 

.  .  .ION#e#®  IT  _ _ _ _  _  _ _ _ _  - 

•  mo  «  •e»«n«i»  -4nn*n«4or-eee 

#  hn^CH<ooiMiM«iNiiiOM');Mi)««e*oiAiiM)nnriKo«4oi«4tf#nfo>40 
en-4i*#  8  non*®  nr  oeeomnnr  o  ♦noAcemeo  -  mnnn'0'0«<S-4m8«Mm 

#»t*Ai#nnnnnnnnnn4i%'#*iftioinin««NM)fl»i>>4>4>4H^HH^wHNAiNNnn 


IWNAINAINNAIAIAIAINAIAIN 


*-  mo>8*r»*e8n«mn0>0>'OO>'Onn-4'eo'no>««8Mf*r*8in0>0Mme«r'‘-4«>m-4i*<rmmnm 

z  »4#^niAi«<4C«N  #»nn«Ho 

•  m*n8nor-eno'Oomeno>m8r->r*-4nr*mono«4e-4r*'OMr-«m'0*nonr-n<rnm4roe 

kl  «4nNNO#Na»o>^9«MMAOtf  «<vh  N*n»«nor>  i  wnh  tPSKon «n«e8o«n 

•  •••••••••••••••••••»•••••••••••••••••••••••••••• 

»««saiMMMMMM>9oohNs«iAin««nnAiN<y(M>4H^^iM)N«oin««nnnNNAi>4'4 


n 

& 


ut 

a 

$ 

a 


non on non n noon n noon own n noon noon non on on noon 8  *  z 


i«* 

t 

o 


kl 

X 


♦  ♦  ♦  ♦  ♦ 
Hnim  wn 

n<o»nc 


♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 
innnainiArt^hii)o*n«N»c>4incon  <oh»aNN>«o«HiAHN*o> 
n4)O>*«IMUOhiAAhOlAin«0l,)«ii«  AlAHHilii  NC0MI«M>in««inAO 
9SmH«^onniHr>^ooMomHinH^r>o<i)innH4()HnN»^HO'ifini0o0#ioN 
HnANaoNniAA«Nh4AAA  ini\iH^o«i-0Aiinionii\iNH>4Ho^ooi\iA 


n*AS»>4>«w^wNIM(U(MN<MN<MN(U(W<MN<V<VN«IAIN> 


HHH<MMMAIAI(MNAMM(MN(M'  NNIMNniMNNNIMNIMAinnnii 
OOOOOOOOOOOOOOOOOOOO* - 

•  I  t  I  I  I  I  I  ••  I  I  I  I  t  I  I  I  I  I  1 

04fl#*noA^AN*ONnN«#rt6st  _ _ _ _ _ _ _ _ _  _ 

•  h4tn»  8  CM0«HOiO9OlO»e'>4A»  ANO^VOlPOACiiOMH  0JftJOOf*4)r*O8 

<«-4  0  ®n  ACNN  (M  0*ONn>l««n<«oO«A*A>IOO(M»aHAOAO«IM»«nDaAAHOC 


>OOOOOOOOOOOOOOOOOOOOOOOOOOOOP 

i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  1  i  i  i  i  I  t  i  iT 

9  o»  mt*  ionm-4  or*  oo» «  n  s  -4  moe  o  o®>-4  p  p  n»*  <o 


«mmmm-4-4-4^-4^-4-40or*r*ooinnoonnnnmmmmm-4 


ac 


-  I  ? 

o  O  -»  oooooooooo< 

«  O  Z  ••••(•••III 

—  —  —  mn-400  *  nor*  o» 


s 


nnnnnmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmrnmmnnnnnnnnnnn 
~>ooooooooooooooooooooooooooooooc»ooopooooooooooooo 

. iiiiiiiiiiiiiiiiiiiiiiiiiiTiiiiiiiiiiiii 

_  _  - _ >  onoo  n  mo  oom-4-4no -4000  oomnoof*  m-4^m^^  on  mom  on -4f* 

f*o-4r*mf*r*-40onooonooomnooonooonnooo-4no«oonr*onor*nno«o 
•  oomo-40oononno-4noomnnf*ono»*o-4minr‘0ooh-i*ooo«oooo«4moor* 
omr*mr*oo-4-4-4iMmmmnnnnooooo-4-4««^mmmmoooooo-4nnnn-4or*ooom 

r*  OO  OO  -4-4-4  -4.4  -4-4-4  -4  -4  *4  -4-4  -4  -4-4  -4-4  .4  .4  .4  .4  -4  .4  .4  .4  -4-4-4  -4-4  -4-4  0  O  O  «0  Oh >  0  00  O 


>  n  n » 


oh>r*o-4noo-4-4-40o-4nr*o-4ooo-40o«momor*mor*«r*or*onnnoonor*a>oo 
moo  o o  -40  000  w  in  *  n r* o  o  i  om r*  «oo  -4  0 -4 -4  o  -40 <ooonn  o n r*r*  r* o o  or*o 
of-oo-4ooo-4o-4-4«Mooo  ooooo«ooor*o«oooooooor-ooo  or*  «omr*oon 
ooooooonnnnnnmmmmmmmmmnrnmmnmmmmmmmnnnooonor-omoono 

-4-f-4-4-4-4-4-4-4-4-4^-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4«^-4-4-4-4-4-4-4-4-4«4-4-4^^f«4-4mmmnn 


^«-4mmmmmmmmmmmmmmmmmmmnnnnnnnnnnnnnnnnnnooooo 

-4-4-4-4-4-4z^-4-4«4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4«4-4-4-4— 4-4— 4— 4— 4-4— 4-4-4-4-4— 4-4 

o  o  o  o  o  m  o  -4  o  r*  r*  o  m  r»  o  n  o  o  n  o  o  o  o  -4  r-  m  o  o  r*  n  n  o  o  r*  m  m  -4  o  o  n  o  n 
oooh>omoo-4onooooooonoO'4o-4r*onoooo«oooooonmnoo«o<o 
^oo^ono-4mo«oo'J>-4«onon-40on-4mmnmoooor*moooomoooo 
o-4omooo-4noo-4or>moooor*oo-4noor*omoomoor*ono-4-4nr>-40 


—  ♦  4>  ♦  ♦  ♦ 

Ul  -4-4-400 

—  neonr* 

Z  in  or*  or* 

01*0  <8o 

-4mnoor*o-4-4-4-4-4mmmmnnnoomoN«o-4-4-4-4-4-4-4mmmnnoonof*o-4-4-4mm 


•  • 


•  • 


•  • 


► 

«j»  •* 
K  > 

Ul  ~ 


-4-4-4-4-4-4-4-4-40000000000000000000-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4 
0000000000000000000000000000000000000000000000000 
♦  ♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦+♦♦♦♦♦11  ill  it  l  (  •  l  l  I  I  t  ••  •!■  « 
e-4oe-4  0««boeo<onoomeor>o»ee  *  no-4«-4oo-40«-4®  8  «r“<an«  >naM8-4  8  0  >« 
«eor*oner*nnooo-4oo-4oom8<8er*r*r--4<one«mo-4non>n-48meeoo-4oo-4 
o4-nom8mr*«or*r*o'0«o«oo*r*r*<n<»or*«mo‘r*<oo‘^'oo-4mme-4*oo»m«r*t>-4omo 
o89enenmonoomooi80'0neo-4ii>o8n-4or*e-4ninemr*mein-4«on-4^eoo« 


B-2 


INFINITE  mEOIwI*  GPAPHXTE  S’ECTSjW 


J 

u 

o 


*0 

to 

ID 


0» 

tot 

bl 

or 

o 

bi 

O 


o  -« 
n  a 


NNNMNNNNdiNNNto^WNftNNMONNKWKNniNnnnnnnNMNNNAiMnnnnnMnnn 

»'ocp«eoecoorc,*!,f*ccorerpei*5coc»jropooroprporoc'ocorocee»f» 


7  «••«•  •«  ••••  «•  ••••••••ttfOOiatl  ••«■••«(•  •«  •••  •••!  •  •  I 

<  «o,-4f*oj«'.4«o«?rf5-««,in*'9ao>-4«vh-«t»nch^omcr-4h'0^«c<Nioin«-4*©4intfi«'in«n«4>co*iro:c 

*-  s«  ‘  Nrhor^tw  oor  fe*1#!  r#n^cni  ti  ntvpMritific  <nei  :«#««•< 


».t^K;RiVNr<«w<v«Hw^ocve«!«  h*ir..*n«<-riCo#K».inifih«r.*ro-c«HrtHO^ 

w  •  <v  «v  rv  N  <>4  n  «v  m  <v  «v  <m  tv  <v  «*  «v -*  « *"«  <•*  -4  «•  »« •*  •*  *«  >4  •«  <?>  »  «n  ^  ^  »«  n  r>  m  ^  «  r*  <n  <e  «  <o  <o 


»>«  • 


♦  ♦♦♦♦♦♦♦♦♦♦♦*♦*♦♦*♦♦♦♦*♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦■»■ 
«'Oirf^r^oNf-~0’r>4\<«cn  oh  r>f ■:  *  K'i’-'H^oNpoo-ifloiHoeotinc-oioopdHivivits 
v<h«4hiC*n«io*<co^hotiirh^<cn<o(MOh  >«rcripo>o«nr'«4«r««n*  ocitoo^cn^ 
(»Trf’**'<-rhffwrW4hrc*eh-^(P«(M«^or'Mrrh»ro!thi«,4*v 
«nNnrtnfini«r.wriinin«ir)#4  4  4>iOhhr^»<inhNh4Heeo4#hoff»<oWff 


P  — 
« t  > 

2s 


z 

N, 

z 


"»  - 
a  > 
y  UJ 

j  - 


ofoioi  *<*•>*)  nnn  n*i  **  •*>  **n*»mo*%**’n**n*y  *  ♦♦♦»  .t.t»  t#4m*«MftirioiftinrininiftOinin 

♦  ♦♦♦♦♦♦♦♦♦♦♦*♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 
»i«a»noh«i»n^o^<««(ro>4tMnN««<ve>««Hn4o«o>«ooMNtiAH4ne>*o0Hnn 
«t<o#o»n nnothAMiioeor  -<i(i«vnnthnnH(v«n«oN«i4»)NiM<N44ii;  $#ghH 
»Hfrhrt*iHoa*ir,-4o-eiPNe<(n*Ktf»ohN««i(»o«««ic-<HMiiorteine«!r««,Ph 
K'lj'^c-i^ortinoro  -•  tor-  o4h*ff*«t»i4s'<vift^  ♦•HOHm^ee  s>;to  >»  nift 

00000000>«HH>4rfrfHHHHX>4^H>4rf>4>4HHrfHrfrfrfHNMIV<MAIN<«NIVNIVN<M<MWnlN 

orooroooccooeoor»oecco«nem5roooooce*roeo«ooooonoe"orr 

▼  |  II  Ittlllt  II  III  till  III  llllllll  4IIIIII  III 

>0in*hnHeo«o0WH«4*0'«»(4.t»Nh®n"4«-off  •»inor*<o#«««H4«hhrt-^o.t  4 

*  m  *  oj «  N  n  »  o>  o  a  *4  •*  «  a  r>  *  a)  d»  iq  «  ?>  o  .*  r>h  <v  <8  o  -•  m  *  <*  .  #  <o  o  o  -< «  a  *  m  o 

oi«Hh»nwNo««WHO«)«ntf«>hh  o«k>ma  «o«ino  r«a2«MAhe«o>«hM«n4ic«« 

9h<e«nM<404incN<cinc«Nc^KcMnnMS>r«ipn«t4  09n«4««HOioiMv<OH«>4Mr 
-*•4  -4  -4-4  -4  -4  -4<>  «*»  hlflfl  tf>«  ♦^«*»in4»«|<toOIOI-4-4-4-4^»4^-40»^«<J>«®l«ra?  fl'ONhO'O  n  m  .4  » 


NNMMNItltoNIVNW'UNWNIWtVIVIVN^nMVfVNtWNtWIWIVNNNNNIMtoWN'VWNNNNNNNNNAt 
oooooooo'toortcnooooooooo'l'toooo'anoeooooooooooQooooooo 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

*9h»  fl.B'^OMPK  -n  9-  r»  »M  f  Oh»OOMintfl'»Mnn-f  4h9Kt»4»)<M.t  4  -4  !h  Ci  to  4  •Ofl'O'SO'OKIh  001 
«o«0044*>^.^»»-'h^-»-*rr**4r*0‘4ir«c,"h*-4»o»»«'*o«**nch»4^r*h.r«^*“»ir4a4'^'Oh»4h»C‘^omh> 
(M*«MrqhHjimoifliton«)jiflffiinchH3M><hhjnj4ifto0'?(n«,.ohrtifhcoM(i?^ 
coHH(vmoinin<o<Otflhro»oo4nintf»intOte«toaMn«4«iflon-ci04nt(>iArn«intfir(\ii<i 

oo«»0',504|4>4>04)4>o4ino4)»)00»nno*>4)*i*)»)innonn«in4)00»>onrt0inooonoi,)r> 

♦  ♦♦♦♦♦♦♦♦♦♦*4**44±4*4444444f44*44444'4'44.44444t444444 

•4N4>ip«nj  ■5»(»«»4(»ohi*»»»r»K'fl4itiDf  ,ni'-4t<M  soinon 

MhtO«eNNortN  HflS  ^tftoJiNNNh  ./S  T  N  -4  N  X>  O  h-  t  QinNO  HQOgi  N*  t  IPO  O<0Nh  4  0 

0«)*'0  9>W»rt44)4Hfl>(Mhr>NhO"4.tOlfl*'y*H4inO(M<0"4ino'flOO'0#nHhh4)«5>4»>4(Mtj 
4HM4  :  444  -  4i44444p44H44p4>4H4>4H>4>  .  '  rf  4  4  H  4  4  4  4  •<  >i  ><  4  >4  4  4  4  4  4 

000'300'JTOOMH-4H44H^-4H444H4>4HH-4-*4fjrjW<M«(W(MP"VM<V«(NN(V<MWM'M^ 

rfrfH4^»4<J>4HHHH><  HH  HHH  HHHr44HH4H>44444Hi4HH>IH>4H-4HH 

♦  ♦♦♦♦♦♦♦♦*♦*♦♦*♦♦♦♦♦♦♦*♦♦♦*♦***♦♦♦♦♦*♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 

in90>lft*.4«^#*fl}iV!fliO»'NhO('IOiO,n-44tfN«»'M®»'floh  (MNOB*h<yO4>«!0i4  9O5'9» 
4*4  C'04nH'3tM,'»'  3  4  “O  r>  O  -4  TI  ■o  f  .<  4  n  '<1  »<  I)  If)  7>  "t  4  '*  i  ifl  -4  -4  '3  O'  0  rt  <5  HHinfft  4  O  O  *4  »4  .1 

/>  O  (M  o  f>  ^  fjs  t’ONOrOJ^Oi'tl’  C  'P  ^  ''T  '--’  ■'»  f»  f\j  r»  o  r  i  -f  -*  o  ",  *j  n  1  ,\  J  -4  " J  d  *4  -«  ,4  •  >  r) 

N44'»f!4Nfl.flfl4n4  9N.^-5^.^m4'<)(»*)Ti'fl  ft4nNr»N4  t«C9l>4<M'nN44'B^(M'fl4'3  1J 
lONfl  P>4  -  4  4  i*in  «NN  (»'?l  ^-4H4-44H(M  W  ^  Nr  K)  .4  #  *  ft  >0  '0 

IMN'IM«INN"l(r'INlM«4444H444H44Fl4  4.4444H>440'5r>10  5  0  1iVJe00000  5 
oorsr»oodrtr40'»r,oooooor,'r<Tr?<r«ooo*?r'«ri^‘>»r'4no'^,?oaC‘30'Dt;oooooooT> 
4  444444444*f+,*.4.444444444.444*4444444444*44444444-l-4>  +  ^ 
4N*B'(MO'V1il|'rt'M1»4(*'5#4»  JlflO'''9"/)^'rfll4(Vfia>«)i14H«4'f4l!'r<449iOtOMON 
!M#>HO/lODO#0'»rtN1Oh4K)Nir')lfl4t  0  J>  D  (ft  »0  »J  If  .  :  .  )  :*  *0  -0  4  OMf  N  Xh  0  0  'D  \ 0 
r<  ~4  r>  .$  J  K  -4  <)».44aN"l4t  ♦«'>»"  4K4  n  4  «».  4  4  ^  <V  0  O  9  4  h.  -4  4"l  »)N  <  M  11K  *|  N  (I  >1  4»1 

m  IN  ♦  044^0  4»N*»  UMl  N  1  ( 't«V*-r*  n  -o  -«  ^  •>.  f)  4  *9  -4  -J  4  9  9  4  .1  1  O  ‘9  .»  N  0  O  3*»  /«  <J  4 

4h  '9  4<0m«m'V^<4-4-4<44  NJh.  ^>9'9«*4'9'9WNNN44H44  4  4!»'9Kh9,fl'9  4  4f4'94N"INN 


B-3 


•-1 


riNITE  ^EOlU-1  3aAf»NITE  S^CT^jv 


i 

I 

j 


U. 

Ol 


z 

V 

mm  m  mm m 

m 

m  m 

m 

mm  m 

mm  mm 

m 

m  m  m  m 

m  m 

m  m  m 

•V 

m 

nj 

tv  rg  tv  m  iv 

eg 

«v 

«V  IV 

nj 

«v 

CV 

tv  PI  tv 

tv 

tv 

•m., 

0  r*  0  0  r* 

r> 

r  ^ 

O 

OOO 

r  r»  nr 

r 

r- 

ncnr 

0  r* 

nr  ^ 

O 

r-« 

O 

0  0  r  0  c-* 

<T 

mo 

c* 

C* 

ore 

O 

0 

11  •  111 

| 

1  1 

t 

1  1  1 

1  *  i  i 

1 

• 

III' 

»  1 

•  1  1 

1 

• 

1 

1 

1  1 

1  i  1 

1 

1 

1  1 

1 

1 

1 

1  1  1 

l 

( 

m  ^  o-  m  <r 

0 

an 

m  P  m 

mp  <r  3 

m 

1C 

P  O  ni  «v 

-<  O' 

m  p  p 

<0 

r*^ 

m 

p 

me  g 

COP 

t 

a 

go 

n 

m  cv  m 

to 

t 

< 

m  0  ^  mwc 

<0 

m  ^ 

0 

POP 

m  m  m  P 

It 

O' 

a  an  a>  cm 

-<  p 

J  Off 

«0 

t 

H 

t  e  —  <r  f . 

0* 

e 

^tn 

<v 

® 

* 

tre  m 

IT 

►- 

PONCffo 

m  p 

P 

^  f  <0 

<W  m  O'  c 

m 

0 

t  me  »- 

<e  r 

—  pm 

0 

tf> 

m 

if  irivicff 

p 

c 

CP 

V 

c 

tee 

O 

tr 

J 

OOCOffM 

«• 

a  a 

c 

P  0  c 

O  r<CS 

iC 

p 

—  mp  c 

me 

mem 

0 

<v 

m  t  m  «  «r. 

c* 

tv 

t  m  p 

0 

a  cv  P 

iC 

tv 

UJ 

n 

p  -r  m  m  -» in 

-■♦  -f 

■» 

♦  *  t 

f  in  m  in 

>n  in 

•ftiP'OPPP  tffff 

H 

H 

— 

J,  J,  J,  J. 

A1  f\J(Mf\| 

■0  m  m  t  t 

■c 

•e 

tonn^ionnninio  4  nn«ioflnin«ioioinioni»>io<^iort«io<^i^r«»«MM<M<vi(\i(M  cv  niMNninm  cv 

♦  ♦♦♦♦♦♦♦♦♦•♦■♦  44  ♦♦♦♦♦♦♦♦♦♦♦♦♦♦*♦♦♦♦♦♦  +  ♦♦  +  ♦*♦♦♦♦♦  +  ♦♦ 
p  o  off  +  j^wj^sip'tpffMoC'ftfrio  coff'-ccsoniir 

me  r  r<  h  ^  h  i  ff  orn  in  c  ir  c  C1  h  ff'  j  f j  p  m  —  t  t  o<  r  »f  o^ff  mo  r*  ^  in«o  h  i  ni  ff  HiPi  (r 

*r«r  ro  «-  -<  .p  —  c  o  iro'f  ®  p  m  m  —  .p  t  *•>  *i  '•-iff-  —*-»-n— ‘irmiC  —  <rcr'<C  cvirinoine.'Oii'P  m  in  — 
^(\)(V*<<vir<OPt>’«‘o(ThM<r»ff'»<o<M^Ci''otoNrfri«'if^wo>or  c  e— Pwemo'rtvct® 

tmDP'rtceeee— eeecpcppo-iC'Cint  J  tmmwtvtv—  —  —  -t  —  mp'Oininttmmmtvtvtv  —  — 


*  -t  ■*  t  -tinmininnininminminmin  m  m  in  m  m  >n  m  in  .n  m  in  in  in  in  in  n  m  tn  in  m  in  m  m  irmrupi  t  t  t 

—  444'44+444  ♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦  + 

u  tvemPmPommomtnootiC'O'Oinpeicetioe— Pinmettvernttv  —  in  —m  o  cv  o  e  m  cv  o  m 

—  oeeopopmt  co‘NMOirinn'3if>o«i>omc'-Hi*j^ocininrnr>Mno(nip^oiOina)  me  tv<v  tv 
z  mmmpomictomm  —  iotoicioo  —  tv*'— ttvtvec  —  petv®  —  eoeotvtP«tiC«t— Ptoo 

t*«ccvm  —  ninpcnoivmtin'OP'rttPP'C'Ommmtv  —  ©eppinintmmtv  —  — —  —  000m  —  —  ® 

-ICO  ffN  f 


^r<w^iyiM(\)(Mn|i\ifwftiPiiv«'»f.i'y<'MMNfti(\iNni<MMWiMnK)nnionnnnnnnnni(>ioiniOioio 
v  rrofx'cooof'rrnrr  rci'orocnporof’oorrrrrrr  f  coo  00000000 

«•*-  I  I  I  I  |  |  I  |  |  I  |  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  S  I  I  I  I  I  I  I  I  I  I  I 
oc  >  -T-iromsOiOiC-t'OtMinruj-oj-o  tno  mm  m  cv  -*  ion  o  >o  m 

uj  ui  «iDPPinpotntewm-i,o  coioitifl  *  o  -•  p  m  p  ^iniiooff‘Off'>o«oi/iOiOH  3  n>  in  t  —  .0  p  m 

Z  —  ff'®NKiCniooin^^fMvN»'rff'io'oninTW'Tiirioo;(v>ONw-ti(viMN<}r^K  —e  e  -<  m  m  W  oj  ,-t  co 

UJ  <V  —  OCPKCtCpmet  —  h»Htifi«0«MTiniMHCiiBff'lOh-'  O  n  CO  IO  H  IT  J)i  No 

on*-’  o  in  in  *  ♦  tmmmmcwfvcv-*  —  —  —  -•ecOPP'O'Ontntttmm'O'V'V'VJVcv  — 


z 

V 

z 


-I 

J 

n 


NAHVnMMnMM'VIMIM'VOMVNOIOMVIMIMniNOIOJfVNNlMNninMvnNNNniKNNIM'VK'VK'OiOlOiOn 
000000000000  r  1  oooooooooooaooooooocoor'Oo'oeoorjoooooooo 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  f  ••  I  I  I  I  I  •  I  I  I  I  I 

conooftifl-if  om-n  inoimorjioi'io.o  uio-itdot)^ 

rr  -t  p  iCMor'PnHMrtmrcirff'r'O  ofororoo  -ip  *ioofjri»o('<nK'-jHn  p  p  p  p  p  p  c- 

mtvemcvotoPomiT’iC—tntP'Oinemtnetncvra—petn-  oofiffOb-OMro  ©  t  cv  t  cv  *r'  o  r 

—  I'jcvm-cinin’O'OPPP'rP'O'PPootininin.opppppajroinininininininmmmcv— o-o»-«in<«t 

—  ————  —  —  —  —  —  —  —  —  —  -t-t  —  —  CV<V-t—  —  —  —  —  —  -t  —  —  — -t  —  —  — —  —  -•-'ee'OPP 


•ommmmmm'nmmmmmmmmmmmmmmmmmmmmmmm^mmmmmmmmmmmmmmmmm 

♦  MMM  +  rrM++  +  M*  +  ‘*  +  +  MI+MM++M*'‘*i+++  +  +  »4'*+1' 
■30  jffi'io'V'd'i'f  n  n^mmnomo  n  ^  o  -3  ;»•  p  m  o  m  o  o  •->  o  ►■-  •  9  p  o  p  m  p  p  onh  ■? 

-«ot'Cttr,T'tn''''vinP:4»r>t*c<vm<v  er'OJopocvtnmtine—'OtPP.n'vefj-tP'Ocscionc 
«r  -o  m  0  cmin-*o— u-iP'Oinj'O'n  CPPO''op,,'>T-gf-c-*'\irMCT'<\imioopo'T'  ■()  >0  >0  nnoh-  f. 

CVCVCV'VlVCV-VCVlV.V'VrV-t  —  -t-CAl  —  HH^HH^HHlMHJ-4HH-l-«(M'V<'JlOnf»iniOT)-<iOMM'" 


.-1  ^  ,»i  «v  nj  nt  r  1  "j  c;  m  oj  pi  oi  <v  pj  tv  <<j  cv  «j  <ij  nj  m  n  m  m  m  m  m  m  m  m  r>  m  m  m  m  m  m  m  -o  t  t  t  -*■ 


■o  m  o  0* 

K  ClflOl 

».  -  r  -) 


*  ♦  ♦  ♦  ♦ 
omooo 
o  -a  m  '4  — 
’ T  n  •*■  t  : 
m  m  ->•»-« 


♦  ♦  ♦ 
00-4 

n  t*  -* 


• 

0  m  cv  0 

tiro 
OPT1' 
■c  -5  n|  , 


■  4  4-  4-  ■ 

>  p  0  e  e 
-  m  m  in 


l  On*  ’•> 

■  oj  m  -»  o  0  •o'T‘H^H^w«i''i*i('in 


+  ©  3  m  — 


p  e 

m  -< 

n  c 


♦  ♦ 

■  v  n 
*  nt  m 


♦  ♦ 
o-  ^ 

0*  P 


m  m  r 

O'  V  r 

-  At  ' 


►  4-  4- 

j  m  n 
•  »-i  p 

ff  UXO 

>  '0  0- 


♦  ♦  +  *  4-  ♦  ♦ 

m  n  <d  in  p  to  p 
,*»  -1  -d  "4  oj  o-  m 

•j  m  xo  -'  m  o 

o  m  m  <p  m  m  *n 


*>  >n 

0  o»  ^  -1  .j  j  h  rj  ij  i'  rj  r  n  -t  r 


p  M  O' 
3  0-  *9 

m  o  0.1 
-»  V  Tl 


-0  m  m  m  o'  m 

91  ft  -n  ,)  ->  -I 

•0  ->m  ri  -4  0 
r  -♦  -4  -1  'j  'j 


—  ,!H  rj  H  H  lIOO  3  0000000  0  O-OnOlinCJrlHHHJHH-IH-l-l-l^  -IHH-IH.I^-1 
v  O  n  1  C.  30  Ol*  O  O  00  ••!  00  O  .00  .!  1:  O  !'  11  '1  n  nr)  fi  ri  ^  17  o  n  o  00  "n  ^  -  o  P  T  O  0  9 

3  4-44  •♦444-4-444-4-44  44-4  444»-4  +  +  44*4-4|  I  |  l|  |  I  I  9  t  I  l|  |  «  1*111  I 

nr  »  (irjn  rjH.)  «»•  1 1 )  — 1*>  i'Oooo-i  ffii  #  o  *'  m  im-jio*-  rootirjo^.i'"oo'»  i|Sho»)0'  t  rs 
i  j  iu  t  o  »  o  o  m  t  f  •  i  ■()  *o  ji  n  i  -1  o  w  '<  n  «/  o  iin-iHoo  iiffip  ti'ofipo  o-m*  to  o  ^  ^4  3  3  r\j  3  nt 

r  -  m  *3  f  t  i  '5  0  7*  t*  t  .n  "4  -•  -*  -» •■'  0  — *  -•  n  3  m  y  -*  ♦  —  n  n  ■»•  m  -*  p  o-  n  m  n  >  -«.4 

j  -inT'-om-j'iy-i'i-*-*')')'}’)-"'*  0  i  1  'i  "  n  vm^  -i  t  01  iin  i?tvo  o-t  -4  m  *j  9  n  * 

■*}  ■**  «n  rv,'i-*  -*  -<  t*  •»  9  m  «n  -0  9  m  m  m  <\*  * 'J  -*  -'  -<  -»  ■ij'  9  m  •/)  ^  -0  ooin  o; 


B-4 


INFINITE  MEOZUM  6RAPHITE  SPECTRUM 


n  nn  (VNNNfliNNNNNiMNNftHMNNNNNfliflHvivinnninininio^mninnionininnionin 

OOOOOOOO  OOOOOOOOOOOOO  OOCOOCCOOOCSOOOCTOOOOOO  oocoo 

I  I  I  I  I  I  I  I  I  I  I  I  III . I  I  I  I  I 

AIi0N4CO4)h4  Oli  jin®1  <MNC*c*<0^  o  *H*o-01fl'itfffi(>oW)iinO'i 

4N^«N4(vmneM<Mvn(Mr>«cr  TO  «  s&aifl(\i«M'ano,r  <«  n c  «  —  <r 

**  #»*.  m«ro>co«if)cc«MNMrc'«ioNHiAir)«9N0r  «en>4«<einco«oain«>nin4in 

otfd  cc  cx.  f>-  f-  a  h  r»r>  4KiOic«mv)irit'a  j4i,.K*-oo'<uof  *'hwcMCi  Noawhhtf 

(Mhhhhhhh  4  i  Jmio'itomon 

«INiVNNAiiVNNN(iNNAiNNNNNAtNNAMVNN(vnr)nnnK)nnnn>onnnnnnnnio 

~4  *4*4  -4*4»4»4-4-4-4.-<-«*4»4*4*--4»*-«»**''*4-«*<~'-<*''»'4»'-**-*«*-*4*--4-«*4*-.4,4«-.4^«.H.-».4 
+  «.+  44  +  +4  444444444444444444444444444444444444444 
ohhoM'ih  ,  HC,<o*-*®rt'C*-««r<oo»^®0‘io^^«-»ir>t/r,-*,j»<cc(r>«ciior^^*  o^-r»  *hn<oh 

oHn#<o«rMr>h  a'ion.0>-(\n,)in«)rf0'0,0‘^*nihMVf;4N(vo«ftS<M.  t*#  <n  r*  *4  o  ® 
nif4j  ionio^o  o<ri<>  rvr  rfNe'4-*4r'«vr*-<oo‘iPN*4C,O‘*4r,'*4*<«0 

«a«HNoHfi  io  *4in  Nntfnmm«ico(V4<oo<fioinoNr)4o.'tiMr  <mc  ««  o>ai«  aiio^ia^ 

in  *>«n  ^>«««<ato«««(C««io>o«o«r«-r*r^r«-««ro‘o*«4*4-4-4*y*y(Mo^^in«0'Or-r-t::5e€0«« 
nnaiainnnn  n  MAIN  NNNn  nnioion  «««««« ion  «I0^  J  ^  tf  ^  i  «  Kiioinirno 

H*<*4  4««HHH  H^*4H*4*I*<*4*4*I*)*I*<H*4*)*)'4*<*4H*I*<4  4«<*4*«H*4*<*I^*< 
444444444444444444444444444444444444-4444'f44444 

r»  r-r*  I  <04  <<i4io4iftNo«  «  )m>o  Brent  ,  -ooNoniHNoi1;  <  fnin  c  r*  <c 

n  vs  9  imooo  «  a>®<Moo-4^»<y^-4o*4in«o*>o,«o*«c«oo®iOMaio«^v^**yo-«^® 

m^*4io®ottfiooi®r*irMon«o(Mor>®tfn®®'«*4*4®«ooio*4*4«4ininn»*4«M^*4^ot® 
NioiiNiAMiN  «\»tn  n  4-  m»o<j«oocvjfO®r>-  wM^M^iniO* 

NAiNonot  4  miOio«N®«**4^H4H*4rjwNi<)nrf «>► 

000000000004444HH444HH  <44H  H4  H  44  H  H  4  ^HCINAI  A)  Al  Al  <\I<V  N  N 

oocccoeeo  oe  occooooooooocoocoocoooooooooooocoooo 

444444444441  III  I  I  II  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  8  I  •  I  I  I  I  I  I  I  I 

n nr  0N<o<84  ono4i#flin«4ii«M'iff  *«<onn «°sji^^(uo'44NHifi 

f«*  OfO  <5^  HMfl  s  4  4(0  ON  Ot  ft-3  lifi  ®  *<  #  S  f*  0  IO  ^ 

o>  «r*  (M)c««iHOH«4moomin0««nNn<0NO>aHtf  cnoaK<0MniD4nNinniftHe 

if»go®^ifi^-io»g*4o»v^f>-*4ir0'i»0‘®-<®®wo‘r>-rf»g*<0‘r'4?®»o<v*<ocoio®o^0‘^o® 

h  hwp  <or^r^  ,0  in  in  4  £  *  k>ioonnnnn~«-4*-i-*."«-»."«."«0‘C4«ni''  <o  *1  in  m  4 


N  NN  NNHNAI  N  NNniNNNNNNNAMV  NNNNNNNNNNNNNNNNNNNNNNNNNNN 
oooooooeoooooooooooooooooooooooooooooooooooooooo 
11111(11  I  III  I  I  I  I  III  II  llllll  II  llllll  I  I  I  I  I  I  1(111  I  I 
0»  4'Vt0944  t44'0Onon>tltON«)NM(in<BNlfl0>4<0t<0OlH)M4  |0\0i09MnNin9 
0  90  IO  ®  W*  N  IO  f<040^m<MIOlOOMOON<<04ffllOifNlOOOIfltO*t4NN#iOo#'OOON<00 

in  irm  in  ?o  r-  n  po  ©  *otn  rKxun^ocwn^ioHflONOMKiNNiflinoHhooioHjohocin 

H  iHfllNWNIOtf  99  9inminh'0N0'0'OO*<H«N(M<\|i0i00,OOOHHWfi|0>9OOPH<09»9 
•  •••«••«  ••••«••«•«••••••••«•••••••••••••••  •••••• 

NNNNNNNN  NNNI\!NNNNNN-«*4NNNNNNNNN<M.4NNNNNN<VI*4-«NWNN-«*4-4*4 

NNNNNNNN  N  NN  N  <V  N  N  N  N  N  <V  N  N  N  N  NN  N  N  N  N  N  N  N  N  N  N  N  N  N  N  N  N  N  N  N  N  N  N  N 

♦  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4  4 

<r-*D!no‘'00'N.r*-ioo‘n~«<r'fT'<r4*0'*<rco.-<ro  *<o*  *o  ®  NG‘r-»noioin*o»**4*^,*4^»*‘  o  n  o  n  in  n 

nooo1  lONOoiihonoonioiflKNNHMnAinomoxiicoii^oonHoniMiinO1  #n  -•  * 

•4  if  9-  <*  N  O'  *4  ;t  «0  C*  -0  ©  N  ®  *4  O  4»  0*0  V»  C  *0  N  N  <V  *  #  N  O*  N  N  N  9-  0*  t  i .  ^  Of  ^  ^  10  C»  O  J*  O*  41 

nn<o  9909  <n  r*>  «9h  hh<o9  9hh<moi/)too  9oinmiAM09in  tontANOo  ®  r»  <*■  oa 

•  •••  ••••  •  •  •  •  •••••••  ••  •#•••••••••••••#••••  •  ■  •  •  •  •  • 

4  44  4  4  44  4  4^;ttnmtnin4ininin'n>nininin’.nininininintninintninininintf'Mnin<n  in  in  in  in  in  in 


<J>e'C‘0e000©©300e00e»0©*4«-*-4*H-4-4*4.4.4.4.H.H-«.4-4*4*4-4*4.4*HNNNNNNNN 

OOo*4-4.h.h-4.4.4,h.4.4.4»4»4.4-«*4-4~4*4.-i-«-4*4.*.h.4.4.4.4.4.«i*«.4.4-«.4*4.4.**4-«*«*4.h-« 

+  ++  +  +  +  +  + 

vO  »o®  <909  0  -4'nMtj  4«Ttjrv»tT>^^in>0  o«9-t«4nn9om*»oinN(Mft'0Nift9  »*''#9on 

HiflOO<On|N9  iMM,10'l>'O  Cl’<^39,M1fl'M‘'3f'  0  ro  *4  -4  O  4  ?  r-  O  N  D'O'0<-*tOrOf~l,3  0*>'NvD 

*4  'Vl*  9-  4  ‘9  yO  0  H  J  3V  N  *4  '.»  3  N»  0  N  '3  -C  -G  C  f  V  ♦  r>  „1  i7>  n  O'  3  J  M99JMwM(IN9iOMON9 

»«  N*<  O  ■M)TO><NO«1)+-«(  OD'I'n.M  t'O  ODlOin  O  -*  t9HM0U'C^N9’CO^'09tnM|H 

•  •••••••••••••••••••••••••••••••••••••••••••a*** 

4®9<*4*4^(VNN<0m44in®®r*9‘®'H*4>4*4M.MIVNNnf0'04  4in®>n^^®Q>*4*4^*4<H><««4(y 

NNNNNNNN  NNNNN-4*4*4-4*4*4*4-4  *4*-l*4«4-4*4*H*4*H*4.4.4*400©©000'3  OOOOOO 
O  OO  0000000003  OOOOCTOOOOOOOOOOOOO'TOOOOOOOOOOCOOOOO 
444444444444444444444444*44444444444444444  +  44444 
.4  n  «o  m  »o  4  r*  in  ©  n  o  m  *r  t  omt  r*  -h  -*  >o  <o  *h  n  ©  9  <t>  m  u>  t  .4  >c  in  ©  o»io  c*»  N  in  n  -o  t>  i**  *00*  .*  <o  © 

4  m  in  io  n  in  <*•  t)  o  o*o  ©  n  n  c  ©  r*-  -■»  ©  w  o  -<  -t>  ©  a  +•  -o  ©  o  />  in  *o  p*  n  o  4*  in  h*  »■<  m  *4  io  <c  in©  4*  ©  io 

n  ©  ©  -•nt'-non*©  r  »  ■«  n  n  o  »  o;inh-j<i.-i.<i<i  ni'C  t  o  o  n  ■o  o  o  o  io  in  n  p>  -<  <«»  v  N 

09  1  1  t  0  ©  O  11O3JlJ0Hfl'>9\|N  0  t  'J  -II  1  9>  H  MN  09  (  M  9  N  ' 

©  ®in  4  *0  N  N  N  *0  -4*4  -4-4©©r«-f'''0in  4  4  OO(llVN'V"<-O'O-»-4^9'flNN<0«in  4  40(011  (IN 


B-5 


Ir.'Fi.NITc,  xColu*  <»a  Ar>HITE  SPECTRUM 


i 


s.  w>»n»or>««'^»'r'r»r'>*nr>m«»iinr>*o*o»oin<n»n«o»f’*nr>toioiotor;*o»r'foinpno4«v«vcj*M<\)<v«vfww»v«'.«v 

-*  rcf'cocccccccocccoccccc'jccceocccccocccorcc'cpeccocc 

r  i  f  i  l  l  i  i  i  (  i  i  i  i  t  i  i  i  i  i  i  i  i  i  i  i  i  t  t  i  i  i  i  t  t  t  i  i  •  i  l  i  i  i  l  •  i  •  i  i 

—  .•«  m  <m  o  iC  ifl  no>  n>  t  j  — •  o  xr  <Kif-  oftics— ‘C'Ccrcr  — <  a  c:  .-t  «r  ip 

4  JJini  ^  -<ir'i  fjcrjn  ijo  if  a  (M^  <  .t  f.  i,  m  oirrt  r-ftj  j  aic  ^ c  tu  n 

ft-  —  —  ir  >f  n  30  «r  —  a  man  r-  -i  k'  a  m  cv  ip  <v  <v  o  c  s-  o  w  *3  »n  s-  n  4-  ri  s  o  *■  cw  n  >r  o  —  — 

j  r<  i  4  .1  f  nrftrr  irrcn  *•  «o  s-  o  -*  3  tr  c  •<  ftir  -« »r  *•  o  9  •  c.  t  •-  «v  «v  r ,  u  «r  r-  «>  c;  *v  u 

ui  •  •  • . . . 


io*o<n«on*«K>^)r'in*>>»nio«o<rtir,»f’»oK>K>r>ir-,  >'>in.OftO«'>.r'iPion»><v<M<v<vW'V*M<Mw<M*v''V<MW'\i«M<M 

(ft?  4  44444  44  44  444  44444  4  44  444444  *4444444444444  4  444444  4 

—  «\i  ir  «v  a.  o  r  a  ir— <— *4'trniro>r'cr  rvr?*'|K'*--if'c  *•  t\j  .4 

i'  n'ci^tfiff'MfJ^riP^ru.tcii  «n’  K'iro'o»ri-jK'  oirvc^  ^r.<crir^«vr»Kir.«rctn.*c'f‘r»r* 

•  ir  <.  e' »  s  ~  c  c  a  c4if  »  f  r.,rr.ftcifr-4  «ffcirfjir?SfR'Mrifinrri£iflHhr  ►  -  K'  r'  rv 

hi  o  lOino  jn.ftifMMHJ'j  s-  ^  c*  r*  <*>  c*  it  o  <o  o.1  o*  4»  ••>  **  <r^  ^  c  a  «  r-  o  wo  333  »nf  j  *<?  »cuii'> 
rw  <i  ^  t  ip  ip  xur  -rr  >o  -o  (T,  -o  if-T  to  m  in  .4  ^  k,  ru  <v  f\,  <\j  --  -i  -i  -4  rr  r-  ip  in  _-r  ct  »o  <0  r  >  rj w  ■■■*  -*  -4  --* 


s  s  3  s  3  3  3  -♦ipioinininipinipioinin.pioipinipintptpinioptnininioipin  3  3  3  3  3  3  3  3  3  3  33  3 


3*3333**3333**33333***33333**3333*333333*3333*33* 
fyr^^otn^loino^ino®(ro'PJO'-«nofotrc7>>o^<r<NJinom?'K)«Moh-r-0'o<own^inir»'C^^-*nc 
s-  >r  s-  n  r-  o’  "o  4  >r  >r  «o  *4  *4  .4  *4  -4  <->  <o  vO  »r  r-  *o  01  w  O'  O'  <\i.o  *  4  .4  o  w  a>  -4  -o  ip  o  >0  -4  ts  *  -t  «o  k  O'  cs  c: 

in«M«y-4«MirwiPc«vipe'c<*4cr^o»n^<£-4cc'j<Mowr^o«c«oio^«-^'Cwiroi\ir^^h-«’4tcifi<vjioif 

IO— <HNR,‘  \  *<t-4Matf^)ht«.irOC'O'0'<r  0?  >T>  «C  1>  S*  X>  >C  IP  4  K)l\;^^OOh  O'  S*  M  O  ff  tMN  (UN  rfiv  a 


«4«4«4<V<u<votiM(V<M<Vfti<V<M<v*i<v<\i<v<v<V  ,Mi\j(MMftirtiw<vin»)ioi<'r)f'pir'nnnin»i,Ofln"'«''aio 

>-  CC'C-CCCCCOOC-COCCWCOCWC  CCC'COC'C'C-CCC.CCCCCCC  CCCCCC-C'C'C'O 

C-  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  t  I  I  I  I  I  I  I  (  I  I  I  I  (  I  I  f  I  I  I  I  I  I  I  I  I  I  ••••••  ■ 

ft.  >  r-jf>-0'0'>*or^,nr'r^»o^o»r»r*'Orj-<inw'0^»r>aiprir^^,oiP«Mo^.Th»»nrnin>OvO»oiMr^,oo'«vr'  o 

iu ui  m-ft««ipwf-rf><oo'rf  *0‘<Mi0rf>or^^oi0i)i0in^>D^tMh^»0'0ciii0oe0tf)0'o^^0*'0«>i<hof^0‘r- 

z  —  «om^>o^-4if»^^<\jrf0'0‘,r»0‘0'«v<0fr‘«vwrf»'no‘^  4'in<»o^o(Mc«nown<C(Mo<MiOiiio(j'ort 

u>  w*40io^oior*»4(C»4«r«vo*irwor-iPio»<o*f»a5J»PW.-*ch»o,wiro  i°a_  i'in'ir>— •cnipruo  r-  »r>  <m  — <  O' 


N.  NWNWNNNNNWftlNNWNIMWfllNlMf'IMMNWlMftlfllNMNNftliVNNNMNNNOilO'tn'Oion 

—  ooooooc'oc,c'r'oooooooc>'r>c,ooooc'oooooc‘oooor>c‘ooe'cc»0‘300c  o 

.:  <  1  1  1  1  t  1  1  1  1  1  1  1  1  t  1  1  1  t  1  1  1  1  1  1  1  1  1  1  1  •  1  1  1  1  1  t  1  1  1  1  1  1  1  1  1  1  1  1 

—  f  iv/imt  0  or*  -i’  h  n  “i  10  ,t  N  '-I  i  ">0  0  Nh  o  ^  o  f-  o  ^ . — t-i'vrjoo  3  j^;.'oroo'7'iP>r)-<r>r- 

•t  (M4C'*'««pir  r.«.ird  4  ftnr.in«fiC‘MJM  w  ootCft-  it  c>  <m  Mn  ^  t  C  f'-rjr'~:*f'j'C»4*4enip-4,o 

ft-  i\j  a"  n  ct  »*)  <|j  o>  ip  c>  •-*  -c  o*  x>  it'  w  »o  r*  <\i  ’P  !/■>  it.  n1  w  1/;  i'*  ^  c  c;  ip  ip  s»  s-  s-  n  <1  io  »*  o  rr:  0  3  1 in  <0  f* 

hi  •  *  . . . . . 

O  HftlHr<H4>lolp<^«I^MUf.UW4.4HHUr<U>.4«'H''rfH4UUHHrlHrlHHinPhtO>Cini  3 


<M<M<\JW«\irjc\jf>»rjW«MWru«\Jcjrjrj«\jc>jrjf'|(\jw»\J«\J«JW«\Jf>JiMiM<\JW'V«M<\i«\M\j<\irilf\iW«\MMno,^,'>'n 
UI  33333333  +  333333*33*333  *3  33333*333333333333  3  +  3+  +  \  +* 

—  mjo'4>jchi»:m,'||»jim'ii  r  =  p  3  on  -4  s*  -3>  >c  m  p  -r  cv  0  s-  t  ♦  3  ^  ^o^T'O'vr-?' 
2  Nr^ior'onw^'O-Ci'OvOi  ♦  r-  off  'O-.rh'-.O'tT'OO'  o  o  s-  s-  -t  rv  o  -<  c  >c  O'OO'tv  iinTffM'CJ-f' 
*  prslino'-.'M-Off'  o  ,'i  ff  m  .m  oinoi\ciOii'0'i|fOB,oN{No#i'huff#oriai\CN^oa3iffiflM  3 
ui  <\i  n  s  3  j)f>3ft<nj'0r*c&*^x>  o  >n  r-o  -e  rs  0  0  .4  ->  o  r  j  »*  ru  w  •■■>  .*  vo  f-  &  HON-nfimioomriff  o 

.4  *  -f  J-  »  3  3  3  3*33  3  3  3  3  .3  3  3  3  3  3  .HP  IP  P  -P  IP  IP  ip  IP  IP  IP  P  IP  IP  IP  >0  iO  <0  *■*  S>  T  O'  -4  -4  -4  -4  M 


-»  *44*4*44444444444444444444444444  '*  4444444444444444 

ij  w-40-0'\ir»r3mo'=>  n^o<o<MP'0^pj>P4’]'PO(Mr>’nO'WPiPo.oo>M'4<prftio(M'MO'<M^ro-‘7-Dffj  r> 

—  3  3  IP  'I  M  *4  0  W  /  Of-Oi  C  ifl  C  mill  >4^  -no  <MI-  (M  J-NflKJO  Hlflfl'04  JOION1.M  Jtf)  3  -4  -4  y  -> 

;  j  .>•  -i  I  n  i\>  .  j  <p  r>  .»  "i  m  »  4-  o  3  j  w*  -*  fj  fi-.  i  4)  •  r-  .  j  ^  .  'i  '.  n  :  >  <.  ('  j-  .*  *.  n  »>  _> 

<M  'U  -•  I  J  J-  -J  P  T  .tiff.lH^O  C  0«  Al  C  3  4  o  i\i  NON  J-  M  to  O  3  W  O  P  TT  -•  4  P  4  CJ  *  ff  -JfJS 


3  (O  os  <0  Cl-  -ft  -I  -«  ~l  .ft  -ft  f  J  r\|  »}  K>  r>  J-  XflinjJMTO'  -*  —  o  3  Ip  D  O'  *4  *3 


ft  ^^-.-^-IOOOiJOvJ  30000CJ  JOOOOO  -ft  •-!  -ft  -ft  -ft 

>-  C>  O  O  <->  C.  O  O  C_'  O  O  O  1.7  O  .3  O  O  Ij  O  O  l_l  O  o  O  O  O  d'J  JO  e  2?OC  o  o  o  c*o  OOO.rOOOJ 

J'.  44444444444444  4444444*4444441  1  1  III  91  I  91  II  I  I  I  II  II  I 

0 :  >  NOOOSSOJUUiiSNOulNOiHMM^j  OJJff-ff'ON'IiniffOffS.tOOMIJl  3  tfl  ■?)  3  0:0J 

uJ  ui  *sr«  JONJ3S3  3  .If  O'  -n  S  O  UinaJ^MIff  OiOOfllDI'OISO  CN'IOOIJ  h 

vl  —  3  ■<  J  I)  'j  .1  *|S4  il  11*1  H  -V  ft  0  ON  P  P  M  S*  7»  OS  «i  :  O'llffi'  C>JJ'  -'ll  ff  f 

•I  04S.''  >7*»V3M3  3MP-4430'»7»O-l'>3*T-«  O  3  \l  3  -*•  0  >1  O  I  -•  0  0  3  -ft  3  0  P  1 

cs'Oin  *4  i  -oo-ii  m  ^  h  ^  h  cppt  hoiio-'|«'i|^mh-4uh 


B-6 


INFINITE  MEDIUM  GRAPHITE  SPECTRUM 


i 

f 


<\MVN«M<\MMN<M<\M\M>iN<\iiM*vM\icvf\.,f\MVN«;«\»<\Mv<\n\n\iioioi3i3r>*o»3»3i3onio*'>*onioioi"i'> 

ooooooDocrccccoccrcccrcroccccccrocrTococPOoreco 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  l  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  <  I  <<<«  I 

<Mrr^ooiou>or*o»oio.-tr''v--ir»rr*n^=fek^n^c-oa«n^Tc«r— 

<0  3  mm  H«iivc£ccniCNc(VN  x  a  3  in  t  3  f\i  rj  4-  xo  c.  *  f*  »o  m  *  «  4>ix&  3  3  PM»*ir 

aciCwcwmni'jtf  nc  s  j  -  ^  <r  <v  m  .+  c  -  ^ii»tfireroincM,)inioco',,0’oec«eio 

c  co  c  cfl'PCtioa  <*i  e  t-  t*  »r  x  u .  «n  u  in  in  *i  r-cv  —  c  ^  o  me  ^  csoMn'^o  «’  •*  t-  «c  iD  »r 

m  w  -* m  -*  ~4  «*  -•  -«  _•  -«  >4  >4  -h  -t  -t -«  >4  -i  -«  -«  >4  -«  -•  -» o>  n  4-  +-  «d  in  if*  m  *  ,-t  .t  #  ft  n  n  n  n  »>  ** 


«Ml\M\)l\l  <M  4J  M  l\l  CJ  CM  N  «\I  <\J  <M  N  3!  f\MM  OJ  31  <\l  *V  <V  <V  <\!  <\|  (M  •*:  "T  T  *3  «  l*>  w  m  10  H>  *>  ^  ^  2  !h  !h  ” 

UJ  4  +  ++  4  +  +4444444++44*4444  +  444  +  44  +  4.*44+44  +  4*4*444  + 

—  O'  <u  <vin  cj  <\j  ro  >o  c  ■  ki  -<  o  n  ro  co  -«  a.  4-  m  k  »n  ;*  o'  c\icifoo»oincr4-  fM*-*<v«ri«vr'U')ofr>  «v<  -*  n  —>  cj  m 

*  *c  in  «u-«  x  c*  ir  -« c  4  x  jt  C'  c  <v  c.  it  ir  r  a  o  -•  c:  «t  r.  *».  «c  ir  «  in  4Xt“*4«^-*ir«"'4'C‘iic'*C:t 

ui  'Oj  r-p-  a  its  rt  coso  o  c  c?  — ■  m  :t  inn  I-  c  ^  r-  -« 4  ^  ,e  c*  4  O'  m  <m  cr  in  c  4  it  <y  n  4  in  m 

3333  3  33  11ft  j*  4in4ininininminininx'r  »o  r*  4  xo'-»**'-««-*MW»3.t.4tnin'0  x  4  4  4  4  4 


f 


niN'Vfti  <M<M<MN<\jf\irg3i<\i<\ii\ir\irvi(Vf3*3'OiO'0*3n*3r3K><oKnor34  444  4  4  4  4  41  4  in  in  in  in  in 


♦  444  4  4  4  4  4  >  44444444  4444444444  4  4  4  4  *  4  4  4  4  4  4  4  4  4  4  4  4  4  4 

co  »oo*-*  o  >*o  <o<o  c*  O'  x  m «  -<  <0  3  -4  3  01  <o  ®  m  x  m  t*  o  *0 x  10  r*  X4-  co  ox  •*  3)  c*  <0  «m  ci  o  ci  n  g 

O'  ^  no  »>0’X-««n<M»0h*f^oi0a'r)'i)f*-K0'<i)-*d’'0'00**flp3-K»et*j’ik»xo^«Mjn«0'©'C*M«0'0-* 
loiM^tfmoNMr.  oniftMWi  iomti  s»  nnioicoiftionichco  ^ofti^inniHco  onsow 
<n0><M^r»<0<Mino4-0fvf«c<v0't-rf'«,c--rf»^!rr*0'<\»v0C'0if*t*X0*<'ih»K>o0'0,r>»<»,’'<>'-«M»0»'P 


WH(\MW(M<Mn«i^.<nniftififtM:fl'-«»'»*--^HN«r»»)JlftNO'<'HNIOn.tiON®0»J'<H*«w 


0000  ociooor:o-«-«-»-*.->-«— ■punirvjnj  <v  <v  m  <vf  <\l 
>-  oceocc'c'ccrccc.  oocfcoc'c'c-<roc'c'cocccoocoocor>ccc-c*cc'occc' 

O-  444444444441  III  II  I  III  III  I  I  I  I  I  I  III  tltll  III  lllltl 

a>  r-  n  t'-c  me  •»)  -<  ccinoofl-KM  tj<MMv«int®(MftinN3i)iftoinM  oio-dcN^ 

uj  ui  <0  <0  o  3  in  4(M<o<Mnj>0'  :r  o  o  -t  -<  4~  <0  o  a  x  m  :*  o-ONH^^ano<ovo^r>onaro  3  <n  >  n  m  *n 

Z  —  IO  O  CJ  X  -If-  tnftMMoonNHiniOOtinO'Mft'MftNMintftOONOCfCQOlftoNOnowOift 
u  ui  to  -•O'  htiiON^oi  ircftiifcif,  ooN*mwcMro-<o'«r«irir,w^oo>»<tF  —  moifio* 
•  •••••••••*•••••••••*•••••••••••••••••••••••••• 


x  cm  cici  <mcm  nm  <\i  cicjci  01  ci  cj  cj  01  cj  iv »r  \j  ci  ci  c:cj  ci  cjcici  cj  mix  cici  ci  »m  01  cjcj  cj  01  01  01  cici  »m 

~  OOOCTOOOOCOOOOOOOOOOOOOOOOTJOOOOOOOOOOOOOOOOOOCJOOO 

Z  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  1  I  I 

■«-  33  trg'  o  ->  o  o  m  on  t  r  n  -o  n  0  o  Mft  n  o  c  -o  -*  t>  r»  o^tftMotJOHNOoN^too'Ooo 

■<  (Tpjo/'^onifthcroiftNONOft.^ottsTir'ifo^-irNc  NCtof'OHr-<!(j  mcnw^Mr' 

4-  Nconj|jfi«oi()OhC'T'"toN^'*HO(i'inM')ti£jc(i|iCNcifiiCif.ini40icoN'fiifti4 

_J  iftio.tiftoin'0'0'0>B44  4MP<rooH<\jftinnjionjiininiftoH(\i(v«iNfloooHH<MNoooo 

M  . . . .  •  •  •  . . 

O  Cf  CJ  CJ  Cl  CJ  cj  cl  ci  CM  CJ  Cl  Cl  IV  C|  Cl  M  n  <  ft*  '•J  'V  *\!  »V  f\l  O’  **j  cj  r|  tv  t :  <V  ft*  «V|  f\*  <V  »V  <V  «M  <V  «M  I'1  <VJ  <V*  <\J  Oi  rj<M 


U  4444  >4444  +  44  444444  444  +  444  ♦  4444444  4  +  44444  +  4444444 

3  T  C  *  tiftl  OlftN  -">OONnNO^^  -  ift.+  #  0  -lO^  ft**  .Cl  NO  3>SI4  *>7  fO  f  03Ct-*-O 

z  im  «0iM  (\i  co  n®  r  <\i  o  >0  t  — » 'vo  5t  nj  ^  oon-<r'o-*rkmr>nf'CT'<Mcjo*Mini/)nL3-iio-4ra 

#  ‘O  i  ^  n  t?  *n  -j-  >n  O'  -o  p  r-  o  n  n  o  4-  r-  ?v  in  o  o  4-  .-f  -h  o  in  'M  m  n  h-  x  n  o  (T' m  in  ►<  <mto  4 

u  .0o*-)rj.ntt4rfcxoJ'4't)O4-'C4*3*3o-<3Hi'->«ioiO'M»^nn4'tM'oiOinJ,,,>^initinxx 


O  O'  O  ff  “  C  <?  03  f>  O  O  300000  000>-*--<»-<-<— *-<•-«— 40— «  4  — 4  <M  C I  Ol  OJ  f>J  CJ 

0000-4^^-4— <— <-<— 4—  -<— 4— <-<-4—4— l-4-f-H— 4— <— *— 1-4— 4-4-4-4— 4— 4— 4— 4— 4— 4— <-4-<-4-^-4-<— 

—  444444*44444  44**4*444444444444444444444444444444 

Ui  ftn?Hj<c50'V0C'  oinL3-3-o'\jr)3njrj>j'n-«3'Tv/;<vj'XK)r»inf^iti^o>o-«vo-«<vino>otin»M 

-»  t>*03‘M3n.3^','?n"t-0’T>'Ti>0'M04.4^»n*0  •’NlftM'O'^OOOifl'Mfl'iS' 

1  H.'j'HHi.j  J>  j  ,:r«  j  h  j>  r  h  3  i  r  ri  5  »*:  r  j  4  ..1  1  ^  J  a.  o-  r'.  M  r  O  «■»’  hh  ■>  j  ■>■,  „ 

O  M  N  3  Mt  3  0  3  3  0  *  O  ‘3  15  O  O  0lft!'l3'H'ftM'O3  0  O'  nj  'O  H  T»  -H  t  O  O'O'*  O  3  -H  N  O  Ift  0 

n  j-  3r-  -i  ->  -i  -<  r  j  -nj  fo  n  -♦  +  -*o  iP  fnift 


>-  0033030000  O  T3Oi^C7-3000O0  O  O  O  OOCTOOCO  O  O  C.  OOOOOOOOOOOOC* 

3-»  4*44  444444*4  444  44*  44*  4  *+*4444*444  ♦44+  +  4*4444++44 

X  >  -•  >M  3  O'  Al  O  :3  ill  C  X  M  O  1  •!  T  C  +  •f  •!  ?  'I!  T  P  If  T  4  ft  'f  C^(l|?  '0  '111  *<  tH  1*1  J  (M  ^  Jf  £*  O 

liial  3Lfl:-93|}'J'3N^JNiiO>fl'3ift4j  DJ'Xa'‘0'3kn*iO-H'0  0'iOO^yBr^*3C',»h-X 

-  J  t  r  o  3  ^  -I  ?  N  .3  r*  3  ^  r  *•  *  *  ".I  .n  3  “J  3  "*  *  »•  4  •  *«  *J  O  3  lf«  l  4’irv»\  'I  1 

j!  3  0  33|  4’<140*»  3  3  "J  3  O'"*  T'  '|  3  33  1  *.  3  *h  3  •  t  ■  A  >  )4'3'4  343  3  **.3'0,30t3033rs. 

it*  n  n  3  -3  ri  *m  rj  -«  m  « -<  -i  p>  o  r.  r-  o  3 .3  -*  o  n  .  j  rj  -j  -j  .*  ~t  *  -i  -«  -«  a>  o  >c  'f>  in  -t  t  t  n  *3  n  3j 


B-7 


InFiNITL  -lEClu*  0RAHHXT6  SpECT«*jM 


! 


v.  ^lom^m^^^fluinioin^irHnnKiinflinniiiiowirn  lOiOf’r  iorK'Kii<\f\if\iiMWM(Mi\i(\iM\t(\ift  *v 

—  rcf'ooctcecccecf.  roccrecccrccoJccccecocorcrcccc'-'CTi: 

I  l  •  I  i  •  t  «  t  I  l  •  l  I  l  I  I  l  l  •  t  I  I  l  I  I  l  l  I  l  l  I  I  I  l  I  l  t  I  I  I  I  •  l  «  (  t  I  I 

—  4  n  w  n  !C  iO  op  <r  <-<cio(n-'nw^«ifTr<inflHMi<D^inNo«ia><o^cO‘^c«c 

«*  o  <o  ui  4  4  u>  o  pi  c  ■  rg  m  «g  O'  ip  O'  «\l  >r  4  «r>  .t.  p-  -c  c>  ■£.  ;f  P«  ip  ip  tp  o  p*  P«  :»  ©  ip  10  pi  4  a.-  c  4  c  «p  a  ip 

*-  —  ■*  —  v  *r  «r  4  o  ©  —  a  p-  «i  v  ir  o  «i  p»  *p  .■*  O'  »p  <\  ip  »v  <\i  4  c-  p  «v  «v  r;  ^  pip*  p1  p  p-  4  o-  p-  c  —  >"iro 

J  -♦  »P  p  P  -•  <  u'  C  -■<  N  r<  f  (i#  r  t  r.(\  or,#  if  r-t  cm 

ui  . . . 

i  g  »i  n  «  ^  w  »•  i«  w  w  p  (M  i"  n  ^  i>i  ^  t  -f  -j  ^  ,pirip<pvCPprr,vcT''<'<-<— •-•''ipjp! 


•w  i\i  hit  i>i  i,  f  a  r  r  ,i  ^  r  .r^'Oai  •<nirh  w  c  i/  r.  it  ^  c  ctr  (»  r  b  (V?  irt  a  <v 

i  «rcipip«0pp<p4p'c«t**'*r,a4c’*iivp!ircpc,pi»<p,«if>c4-*p»cprr'4<\‘ppip<rcp‘'-»cppp‘ 

*  ifc  r»  JhJ  re  c-iff  «  i  —  «p  4  c  «r  f  p  «ecif:in,-r«'N(rr.fr'rriKi-M'.'*?K'(>,iv 

Ui  O  •0»r;a  OT  'I  /  N(r  o  ip  a  P4CPpic-itc  'Cr'O'hM^T'OgHco  a  p  (7  <v  o  4  <•  i  -  i  -KJ  <«'  i" 


«V  p>  4  f  tp  ip  vt-r  .p  'C  vO  -O  \C  >c  <C  >T  ip  <n  ip  4  4  “■  P,  rj  cj  <v  <\i^~*_t,<,^apvCMPlP44  pi  «  r<  rg  <\i  <\*  -■* 


4  4^ 


4  4  4 


«n  >p  in  m  m  ip  m  ipm  m  in  if*  m  tr  <n  <p  in  in  m  ?nsn  <n  <n  in  intn  in  in  4  .4  4  4  4  4  ■»  4  4  .4 


4  4 


ui  <v  p  4  o  <o  iflnoj  ji  o  «  <7  awtf^nosff  tr-oper  <\j  in  o  in  p  m  im  o  n  p  omnno  hb>^>c  ^  4  -«  it 

—  p  <r  p  pi  p  <r>  “i  4  n  <n  pi  -h  -i  4  -*  >«  <■>  .*>  .0  .r  p  pi  rg  <v  cp  cr  <v»0  4  4  .•*  o  »v  o»  -t  >o  in  a  <o  o*  4  .4  *o  p  o>  cp  c 

i*  PNiM^wiTftnrc  wpc  o^crocr»oP'*c»i«owo«MP-  omonjaj<'«iifc«iPiP  if  **  «c  in  <v  r>  ir 

P  cr  O  (7  O' O- O'  w?  Pj  <C  T  P  P'OiP.-t  p,  <v— •— iooPOP  Moo  <\i  pj  <ri  p  — «  <v  <? 


«v  m  4  m  .DM  CP  —  ~»-*w*-*w*~*-*-*  -a  -r  •*  p  r-  p  p  -f 


H  -IH  (V  (W  W  N*>J  «l  (\J  (VMM  <\l  PJPI<V<VP<V  A'  VAI<MIV™<MI\J<MP'0«iPPPPrOOnP*;  »|«)  ni»)PP  PI 

>  cc'c'cccccooccoccccc'c^fcco  ccfc'c'ctccccccceccce-rccorc'c' 

O-  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  t  I  I  I 

ft  >  N?N0'0>M0P«)PK'}^onN«cy*ii/'iV'0J'n0'tf>nP^oinivoj.T>Kiitjin<Ci0i(jniP,0a'WP  o 
uj  ui  w-p®>om<\iPin®<7'  4  ocp  «  m  jiop  4  a  in  ®  pi  m  o>  <e  4  <7i<\J4<oooiino®in<7*o4  oo'piimnopo'P 
Z  ~  «lfllOi-mP^«ISPO'Pff>P(\'>OPNW^Pl<)PK<MP<P^.+  PNCinPOWK|iCNO<M-tMMO(roP 
Ui  w-«cMnp©p>p-«iC'*iCivo,in  ruoP  pp^itpicii «v  -«c  p  cr  pjito-  p"1  a  <■)  p  in  a'  in  cu  c  nipim^c 


»- 

-J 

■jj 


ftlMnir.MVPjninjniAirgfVfVniCVJ'VIV  PlP»PJP'PJPIPIPJ«VPJPJPlPIPJPJPMVPIPIPJP|P|PJPin*0»O«0'0i0*0>P 

oop»eooc'oe©c'oe’>o©or>©,r©©oc‘cj©o©ooo©c‘©©©e*©c'©©©c©©oeo©,3 

l  I  I  I  l  t  l  I  l  I  I  I  I  i  i  i  i  i  I  I  I  (  I  I  I  (  I  I  i  t  i  l  i  l  i  i  i  i  i  i  i  •  l  i  l  l  •  I  I 

t  <VJiP  J  i>  0  op.  -i'hs  p  in  t  n  n  t  -i  (» o  p  n  o  ^  c  r-  e^f-'o-ipjrjoo  t  po^’oiocO'in'O-iaN 

p<  •*  p  h  w  rr, « ir  tin r  *p  ^  pi  ip.  ir<  it'  c-  a  p*  pj  io  o  <p  ►-  -«  p  p  pcwppn^c  snr  4<v®-*-*a>in-*-o 

pj  «•  pi  a  v>  \ti  O'  if)  cr  «<  •!>  P  0*  p;  jj  u  cj  «n  P  p  <\i  ip  m  «.  it  pi  tr .  p  h  a  t;  in  IP  p  P  p  a  HMCirg  4  .4  p*.  in  >c  p 

ooH-MMnj<vini<ia  4  4  4inininiT«0,0-H<\j<\;f\icvj<\;*0*'lP5Pi44pJ*p-<«H»p«-«»-»0'3f3'r  i  n  *  p  a  t  4 


pi<VPjpiPi<'gpjpjpjpjp;pj<vivpjpjpJPl,VPiP|pj<vpjpi(v<vrjpjMpjrviv'viv<v«vpjpjKi<vp;fVPjnoi<iion 

uj  ♦♦♦♦♦♦♦♦♦♦♦ 

—  f  :  ji^<!  i  pn  -bp  -S'CiOpp  v  o  p  t  4  3j  4  trtyp^p  ?> 

z  p»K®p-on«\iOMjxpiOvOp  4  p  o  <r  ?  ^  ^  p  tc  o  O'  o  .*  p  p  t  mo  h  o  c  odo'M  t  int  tiMiC  p  p 

»  j)mti3'<<'i'0Po.'HJ'"i.m  o  poiv  c*  «o»io»ifl»oN  >crvoo«pr'-i4-0'0^aiicp-ji  oo  osipsi  o 

u.'  H(\jojjjr«jn^ji0N'C'0M)0'rtf'j?'V3i^i'jm-iNN»uJP3''ii,)p'ni^ioo,'i'nj'O 

.♦  #  t  .*  i  4444444  t  t  t  ,t  .+  t  .t  .t  j  .i  min  p  p  piniflniflinpinmiP>c>o  '()p  n  r\i 


o  c  •■♦  h  .  •  w  rni  -i  .  i  .i  -i  ►■<  -i  r,  v  v  r.'  m  <v  <'j  o  m  fi  <m  ij  <\i  <vj  m  <:  (\;  v  n  n  io  o  n  n  n  t,  p  ►•!  ivr,  io  i  4 

«.  +  +«-«-  +  4.+  +  .|..».V4-t.p4-f4-  +  +  <>4-  +  +4..|.+  +  +  +  +  +  +V  4-1-4  +  +  ++  +  «-  +  4+  4  +  +  * 

i  j  m-i  o  d^PAiifo  o  4  o  -o  m  s*  <o  i<'jinjj'jno(\)P,o3'i\iPPO'PDrV'ifMo^ma'mtAoc''j  p 

~  r  jiniV'iomi  0  f  •  aj  3  ?  .o  in  -«  p*  -t  in  i'j  p-  m  r-  <v  o-  N  pi  tg  o  m  <p  o  o  ioo«ii.M3iii  j  -i  y  -< 

;  j  -i  «■«  -i  i  iuv  ,  J,’  (i  ,i'i  Ml  lh  u,‘  ’K,.is  i  -o  ’  p  g  •  '  g  p  :  >  s  r-  j  -*  •«  P  -i  -i 

eg  o  «-i  j  ji  t  ->  />  -i  t  x>  p  p  r  m  ■>  -i  v  o  C9"MCotjmM^jM'i'):mnrt'i;  <?  -p  rj  ,*p 


insrt^^mnng.nnjpioi>-i-<^-(»i.ifjrjiiinp»^4i/iKiiOMra'H^H^Hm'MiMiitiflOffHH 


<— lOOO  Jilvj  300  -I  —I  — 1  — <  — I 

>-  0  0(11.’  •-  P  O  P  P  O  O  O  l)  U  3  CS  JI/OOu  O  .'l  :5  'J?  rj  O')  J'j  O  O  O  O  C  O  OO  PO  O  3  ?  ^’G  O  O  3 

I  I  II  II  I  II  II  I  I  I  II  II  I 

a:>  ftiflPioppfljupjiMij  jMAii-iNmA  o  3  g  g  f  a'im>iinif»ogN  tnoMi  ji  j  p  'C  j  ocj 

vjni  im»  jjiv  JsNn  jj.f(pmoii#inag  jiMu  po’p-f'i'-  •cpj’Oou't  -i 

Z  —  3  I  J.J-J  .riM*l'1*,-l  v  |1  )1P  .1.1MN  1  JP,<  3  0  '?  4  (7*  J»  C  >  T*  0  5"l>  I  .’I  1  J  ?  I  C  w  P 

•J  >  f  P  P  131V3V3  3VJl-PP33A,'A-l334')-lOP’’J^\lt^-i0V’7A-l301-43’30n  1 

t)  P  O  <•»  -J  1  h  H  Ji  C  l*>  -0  <D  t  *  HO")  VN.Mhhhh  -ih.»  t  t  p*  C^m  -I  lO  r«  v  <M  V  N  Al  <■!  -I  -t  -I 


B-6 


infinite  mEqium  graphite  spectrum 


7 

< 

»- 

_j 

UJ 

a 


UJ 

z 

4» 

UJ 


n 

u. 

m 


in 

UJ 

UJ 

oc 

o 

UJ 

o 

o 

O'  — 
t» 

*o 

>» 

o 

•  N 

«0  >4 

n 
it 

k 


s 


3 

& 

«■»  * 

o  O 

-•  u 


■0 

>0 

•s 

(VI 

X 

r- 


_ _ 4 . 


<M<v<vj(M<M<v<\i(\JN<\i(U(\jftj<\i<u<v<vfVf\iNrvi<N;<w<M<vrsirut  <o*>ioioioio«ioioioioio»onnioioin«o 
oo  oo  ooooc"ccceocepeccrrcoccceceoop«jpoooooooc>eco 
i  »  l  I  »  I  I  I  l  l  I  l  l  l  t  l  l  l  I  I  I  I  I  i  I  i  f  l  I  l  I  I  l  I  »  «  I  »  I  *  !  »  *  J 

o«  w  t-io  onmior*  5^22 

«  4  tr»u>  -*«*:ve.cecnMP<Mc<\jt-  x  «  4  tr>  c  tWNNninic  ®MniP^«  jtve  l  ^ 
O'CiO^cNmu'wif  nco4  ^  t  4  4  irwirt^e  ^  44  4mcc'P,eincNnmiooo»‘9,oe<f*,'> 
ccoccO'P'Octu.oo  o>  <l  r-  I*  r  <f  it  <0  u.  irt  «r  s*  F;  cw  ~  e  4  ore  sCJOM('i,fHO«'«XO<(' 

OOOO  4  K<  Kir  iTOl" 

<\j(VMV<M  M<\irg<\lNj<'g('J<\j*\j*\irj<\j{\j'\;rafvj*\j>\rv«v<\JNojf\jrMnnnnion<r*onnnn*onnnion 

©'<M«\nn<vHMiO'0»DO'in-40Mno.4«Gi<*iOf*«e4<r«\in«r>M>tn<M**'i-M€Mr>«i»n»non«\i«»*io«-4€Mn 

«or»mi off  j-^K'oMi'h'  o  wn  cf*  <r  -*r>  <r  «r  oo>  4«ccm  -ic  m  ef^  4  *•  m  «v  -*  4  i?.  £  *£  ? 

cin*«-40>f^r-4co»rocc-'*v;«\-ir»rr»r«-<\!— nj«r;r. 

<04  N'f*  «<£>♦*  (tcO'MMJOo^n  4  in  mt>  -  4  c?  -*  r*  4  Mi  -*  >■  •  o  cN  4  c>  w  eg  cr  w  o>  4  «c  (voowin 

ooooooooinoooiooinrunr>«ririntn<r'f»oh'Nxo*-4»4-t-4<sj<M»oO'Oior>'Oxr*^f*r*f^ 

oj  (V  ojoj  <\i<\iftj<\i<\if\jrWNj(M<vfwoj«\ii'jnn'on*oononnnnnn4  4  4  4  4  4  4  4  4  in  in  in  in  in 

H  p4>4  >4  «4  r«H  H>4>IWf<(4f4>4H>4«4i4t4i4l4<44  "4  H>4«4«4*4 


con  O' *4  o  <©»o  <o<o  t*  9  <0  n  «-4  <o  4  *4  4  <m  $  com©  « r*  o  n  <o  *on-  <oh  «  c 

It  4  OO  <'4'0>4®NOKhOl040<ONh  <0  «*  4  <0  J  0<  4  *  4  «  ON  4N<0O4 

moj44W0'<ut-in  onofli«4  >  t»  o  o  4  io-«in  «  omnncNco  0-001-410 

«n  O'  <114  N*N4IO4'0ftMf(MtMr'ff  rHmtf'MJ'  wajC'Ol'NOlHMMOoO't 


4*  ♦ 

nono 
fjiAino 
♦U-40  O' 
o^roo 


♦  ♦  ♦  ♦  ♦ 
OIN04N 
©  *M<0»0  -4 
O IO  4  O'  N 
•4  N  O  4  « 


©-* 

<r  > 

8* 


X 

Z 


UJ 

a 


2 

UJ 


-4  *4  OJtM  rvn)fti04  4  4inifl'fl  M:0  HH^-^H(MNn»)4^NO'-^NIOrt4  ■>)*  ')  O  >4  »<  H  H  ►» 

OOOOOOOOO(;O<4>4>4>4|4>4<4>4p4>4Hp4H>4>4Mrl>4p4>l>4p4<4'<'4<4AMMN*V0IAII\|lM<UN 

oooocc'ocecoeoocc.oc'oc'eoeeeoecoooeeecooceeoooocoe' 

♦  ♦♦♦♦♦♦♦♦♦♦I  111  11  1  111  1  11  if  11  fi  1  1  1  1  11  1  •  1  1  J.  !*  *•  !.  I 

t>>0t»-«»0«N*'0-4J0cino'0w*40j^»4f0N0'^4,C'C'0j0ir»^«MM0in0i3  0*moin<Moi0fl0O5J4h 

<0««4lfl4t|ONl>)t0>4OdHHNiSOO0<l)4  o  ON  >4  4  oOO  «<0  >4  OOO  DO  4  «0  Wn 
io<40n«hn  4ioNojot«iUMono4iitN«Min(iotKwioirNtooa«inoNono<4<oyi 
m >o-4 o'  N«4n«i<40  4ircN<ctfio«AionNCMnnHO'c«inoNwoo>H4N'4inovio« 

0|0|<¥.HI  »M»4-4v  ON.N»ie?4»lftin^4',O<O»O'O0j«M«M«-4«4»4-4-4W^^O*0><»l  t*  0  >«  W  W  4 


OJMNIM  <y 
o o oo  o 
I  I  I  I  I 

OJtJO 

r.  cj  o  <r  *4 

OHO  on  S' 

inui.tin  4 


3  - 
X*  > 
UJ  mJ 


MOJOIOJfMOJOJOlOJOIOJOIOIOIOJOJOIOIOIOIOtOIOlOJOJOItMMMOJOICMOIOIOJlVOJMOIMOJOIOJ 

ooooooooooooooooooooooooooooooooooooooooooo 
I  1  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  1  I  I  I 

nonj  on  lOH^N  o  ?  N  'ft  N  O  00-44)  r>  5-4tjjNH400,4'VOO<'IH  f  OCMftft<5< 

oionc  9'ipoj?  oj  er  <vn  •?  x  &  x  no  e*ro  »•*  -« t"  n»  c  «\i  ©  4oNo*«N<r>o  <n  o  o  nn  mt< 

4H(\IO<01MJ',3riCOflJlft-4HO0'inNrt4'C4O0M0l\ICincif.ir>XNOi®O«'IOO4N 
in«0'OM>*ot'N*N-t»cocr.  oo-4  04oinojnn^^rMnno-4oiojojoi»o!Ooo-4-4oi<Moooc' 
•  •••  <••••••••••••••••••••••••••••••••••••  •  ••••♦■* 

<V«OiOIOIOJOIOJOJOIOIOJO?OJOJOjnnf.'  OJO{OJ*VOJ<'4*,JPJ4*JOIOIOJO»OIO>OIO.'OIO»OJO'MO<<NKVI\J«,JOIOI 

1M  <M  "HU  «\f  *M  <\l  M  Nf  CM  OJ  OJ  <M  OJ  <\J  M  CV  <\l  *M  «  <y  <M  OS  01  OJ  N  Ol  Nl  <M  <\l  N  «l  M  ^  Ol  <\l  <M  CM  IV  01 N  «M  M  «l  01  01  <M  «M 

r4t«.)r<  Ha4HHHHHr4Hrlrt^i.J^>4^<4HHHHp4<4H>4H<4>4r4H>4Hp4i4>4H-  r4  H  p4  H  »4  Kl  r< 

+  +  ♦♦  +  ♦*♦*♦♦  ♦♦♦  +  ♦♦  +  +  +  ♦  ♦♦♦♦♦  4  444444>4444  +  4444tt+t<*>  +  t  + 
fTtJ  fl!flt9IPN-,''Ot«O'V0'NNHtft4#.ft4teNBOii4N?3M4"?t  O'!  I  £  ?  -  .t  3 

iftooftiNOO'n«Mn<\iov0  4*4'jioo4<\i<44  0o04*p'OHNONOM>N<looinifloin-4in4f<j 

•o  <0  win  »4  4  o  -et*  <ft4wo'<0'i)NooPN'5NNN  M<no'‘ON4'4oinoinnNionoo>  in  in  -<  01  *o  *o  t* 

OCMOfJifl  4  44  er  Df  «}<N«fiN  i3N3«'3OHOH»^Ol0‘M*4On4NO'0in4  <04l04lfl«0 

ojoinnnnn*onnnf"^K'«->nn*«nn4(-i4^  444*0-4. 444  44  +  444444  4444444 

C0<5t'0  0‘5COP0COP0<4WHHp4H44HH«4^rtH^^^HH»4MNflMMI'|IM 

wns'-M^'conivoc'OWW-o-oojn.srgrvj'Mw-MOiaj.r.  oji>xnroinMo-4o<o-4'0-4MW3*o4inoi 
W  ~l  HN  *0-0  4  T>t3  M  T  1  M  3  n  .0  **  4  4  n-t'OT'O'WOI  O  +  .tN  O'l  ♦NlftM'l1  4P  O  1  OftlMOO 

.ir-  j  -4  >  d  r-  .o  ~  t  t  .*■  *4  -g  r*  js  3.vi4<ft  0  4  0  t\.  o<  .0  n  w  <m  r  -o  <v  ■-*  -<  a  jj  *•  « 

o  oj  oJ  3  >  ~4  ♦  jo  i  004  o-o  *0  'O  vO  o  w  nj  n  *u  n  n  n«  •?»  o  -o  D  O'  OJ  w  h  *n  -<  4  n  0  -0  ♦  o  n  -m  o»  io  W  0 

n  4  or-  ■*  **  -m  •-•  *j  01  *j  n  n  4  4-.oif'ON*r'  -.^-M-i^JoioiojNjnn  44inw  cons  cn  ^ 

0009009 

ooo'r-ac^so^  **4  noricc'-jicco':  o  ooo-oooooo  ijo  c*.  ooooooooooooo 

♦  +  ♦♦♦♦♦♦♦♦♦♦♦♦  4 

HlM#3,.MO.ig'Ct\*:4'*rc  +  -'-l*'fiJ'C5'/lN/1>fC-'<M7'0  00^«4r-4i,09'tll4<-i5*ff'C> 

mj  j;/):  jo  jt?1 0'vroNHrt>0'oiflH4  oj'xo'ionwxio-M'0  0'*oo4<or»-oN'«Ji,*'0 
•■»  m  f*  a  -4  ? .*■'  o  r  -3  **  r*  *»  ■v."  .•  “•  n  •  *■-  'j  ■» ■->  *j  tN.n''<i*‘-t  'irft,*\''n 

.0  0  OOJ  t  1)  }  T*«  O  O  "4  O  o  *-  1»  'I  o  *0  -5  >**0  1'  3'>-M>**  )  tO<  St  JO  MWO"!  04  OQOOr* 

0*  r*  W  4  *0  r  J  OJ  f  J  -<-<•<  *4  HC-1NN  0.0  W  -  *0  fO  ,- J  ('J  Sj  ~J  ^4  .4  -i  -4  ^  -t  -40>ON*N><CWin4  4  4*O*0*O0J 


B-7 


.FINITE  m£0IuM  GRAPHITE  SPECTRUM 


r 


i 


! 

1  i 


b 


7 

« 


U 

7 

U' 


► 


nimonKirtnnnnnnnnntoionninninnKiinnninininioninrtionNNN  ncy  w  <\i 
occ.ceccoooeocococccoccec'occoooceocoooc.o  oo  e  © 

I  I  I  l  l  l  l  l  l  I  I  l  l  l  I  l  I  I  l  l  l  i  i  I  l  l  l  l  i  l  l  l  l  l  I  l  i  |  I  I  I  i  I 

MN*>rir‘-e'r'**c3<eootfir>c«4r'»e>r»H'«}<g<Dift'-««-itf'O'r<»<oo^ir<ci'%<00>«  o  tn 
hNH^oiaoinH(o*«ntm(On®niONHh^Hrf^oitn«c«0'nr‘Oo(r  -»<\j  tn  o 
h-Mro'(pm»tfW(fotriN<tMr#;inO'e'0  ONffc-f-OMnnotf  «oo*HMr-<iroNico' 
(MOMfjnftc.'CGeBPO‘c-rtir«ieiO’c^ifiC‘»<!fMnK»4'e»*'incHrf  wm  &■  ir 


M  <V  (V  (V  M  <V 
cccc  c 
.111111 
i0  Ift  ^  ^  K  'C 
lixno'Ct*  f 

rj  ir>  r-  rr 
Mf  C  «'  IT  r 


4  m  <o  m  m  m  *>  m  m  <v  a  in  <v  to  «o  n  n  <o  in  «o  k>  .*  .*  .4  in  <n  in  ®  <o  r»  f>  <o  cr»  <r  «« >4  -«  >4  **  <v  <m  rv 


io^rtinnrtn«nnnnronnr)inrtmnioinrmninn«Mni"(Mft)iMNNWNN  t\icw  w  c**  imim  <\m\i  «» 

><HH>4>4rl<HHHHr>HaH«4^^olr<rlo!l>  *^r»  »«  W  «4  •><  rt  H  r<  »• 

♦  444444444444444444444444444444444444444444444444 
nn;NH-icO'it(voM(v>i,it'inira'h^r'irlfloMic«'initnir!i;M^iOin«  ©«  r  vpn^O'oii  i 

«o  «•  o  <0  cr  r*  oo''*r~r^<cujir-*i\jin®'*in.-iir  «rm«v»oo‘0'0jf0'»oiof^<rino'0ctio.-»tp^aarar  w  m  «\i 

»rcrtt<vfv«'«cr>«^(<i^«r^cfiO'r‘cirfnr,'<wc'crir;>o«cr«*iciri^»^»-*n!*»-'ac>»<<vin^MO'^'-' 
j(Mn-«oonM>oo-off^r)o<rr«Mno«c^pavC^<voHC'ffO'i^rvN  <\»o>  f  n  o  n1  ^  k;  <v  ^ 

<vf\i4i444inirio<o>cuj>r)inininin44 


*S3±*****\n  in  mm  m  in  inmminmimninminin(nmminininin:t4-44:f  *  *  *  *  o  *  *  *  *  o  * 


♦  4  4 

N  nio> 
©  «CP 
O'  mn 


4444444  444444  44444  4  4444444444444444  444  4444  4  4  4  4 

4»(OP^nH)oina4io«in«M(M>io'hO'Moin\o«eo'0oNHUiiMMv  ->?  \n  <0  o*  tst  &  • am® 
^OnOiOiMmoin <04* o>  m  ^ocoo'  ^nioinHioh  rj voO'  voh^hh-ho^ 

tn«-«ioc<Mntn«o»co«ino®.-i4tncvMCN<\if-0'4am<r'«o«fO'Om-i»or,'«c.«o«-'r'W»c<Emc»o 
NNHHinifio  vOf^Nr  4-  «0<0'Bifij^nt0WH»4o<»NH(ft^oh<0noi0i0f0O'0  >fi 


V4^^(M(M(M0MVrVI<M(M(M(\MM<U(M(MiMrg<M(\i(M(\i(\MM(V0|CM(Vfni0i0l0i0«0Oni0i0>C'0K»inf0>0>0(0l0«r 

occ^cocccecccccccccccccccccccscc'cccocc'cc'occcccc'ec' 

I  I  t  I  I  I  I  I  t  I  I  I  I  I  I  I  t  I  t  I  I  I  I  I  t  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

ini'iMOHoisoflioO'ffHNOHCMnnirtHT  «oa»  ohiooim^ithickj^  (>iooi(n^oio(Mflo»Hni 
•<^NQ(0M0»9KIHi4>4Q<0'0<M04«'0HOi0e4M}'i0'£iU'0OO9N(MOOini0Nnii0iSi94 

i0«te0>«N«inn>4N'0«0'«««oMrin4««i0MMChN0>(tiniHino«oo  no>  <r  ^  r-  4  «  4  f" 

NHOiO«*<mMMvMf)0'ino(ciniOHO'»tfinn«iHoitof)ieoi<i'SO(DW(OiftNoMrirrtOi 


f 

< 

J 

■J 

o 


OOOOOOOOOCOOOOOOOOOOOOOOOOOOOQOOOOOOOOOOOOOCOOOOO 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  f 

0'\mnr^^txi*H>0-4nfV3-\jv0j'3«-MCMr^^jK)»n-«-i'J0>i:ofi»n^oj7'0,t3t}3,/»4CM^>0'ir»-0  4  o  *n  3 
4  -*<j  tr^inoi/-,  v3h-  Hjjctit  (VjtnvC«\Jcr'^o4-^*r>ir>r-ninoc'4-f'inir'nf^orjc'f\iciniO(\irj 
io<jv)0  'Ga<M'6-<3  ®«fo»opoin^or--<rfr»0'Kr/^»f>r>«-«ar^inir>^in4J4»<CoO‘«0'X-«<rN^o-  x> 
^w<\i«xn^ooininin®®®pr'r'r-®c\inn»nno^ooinrf»nfMtMcvcMww»M»-*oono«ry®®-4.o 


(MojrgrwracvnMVirjrMrMraoiru^rvievtr.intciiMcaojrvMrviniraoKMNOJNMNOKvnMNMVtMNM'MOiiOfniO'O 

id  4444444444  44444444444444444444444444444444444444* 

—  c r>  4  a  ai  m  -•  tn  o*  o»  m  x  m  *»  r  j  o  <o  o  c 

Z  *ntor~0'®lM*O4inOO*-l»O«flO>.-*.O44t\J.-iriinOinO'<\l<\»or-f»in<ai'~>OK4iain:3mi\|CO:ninf''«>if'»  'S 

•  ^'j)inN'amnoc#0'xnN4KwiiM(Cii(MfsjinoiiHrtO'^aHPMfa'(i'4'r;a'»4Hrtoioio1o^  in 

u  4j'ininin-o®oinr^4-t^4-®r«0‘‘3oo*ooo«4tM»os,m®P‘N®  .3in^'00(\r'no' 

nininnmonnnnoi'inrin^nnTTO^ionnio^  o.nin®'Cf,'><c»4-*  ••««>♦ 


w  ;  j  h  h  -i  h  rt  n  h  h  .  <  h  ^  r j  n  (M  r«  r;  rj  r j  pj  (\j  !\;  rj  i\j  rj  r.'  pj  iv  n  m  r  n  r  m  ^  4 

—  4444444444444444444444444444444444444444444  +  4.4444 

ui  ox  c^«J)«*)0'/'^^ff'OMCNj'fliM;.oj'4(OHOoin’C04^0H'Otnoa'Ty«vj-«ioiivto 

—  J  J4H  1:4  ni4-  V  O  J  0J  rl  -«  7*  1  CC  4  r«-  3Nh  MvO'J'03*X«jmM©4,\IN'0  0  C  -«  4 

4  .4  .)  ')■  4*  J  .c>  U*  r».  O'  4~  J»  J  •_»  -1  »h  ;i  J  u>  •+  4  J  j  lO  »T.  i<  -1  \,  .3  n  -vt  -4  n  «P  *4  v  rl  -t  m  "  X  *•  .■'•  J  -l  *-‘ 

r«o<>o  is  Moofl«oin")o34No1\ixM?  j  n  o»  o  >o  o»  n  .?>  4  oj  m  o  4  o  <v  o  do*  “J  o  iai  n  x  a  o 

m  s>f~  ^HHcg^Kifi  4  4  m  ®  h»  *  4  .x  in  -- 


0UU3JJ'JJ'J3  3  0  XOO'JUOH.MH^HHX-lHHrlH  -4.-4.-4-4.H."*  .H 
>■  COCC't^Ol^OOOCXO.OOOOOtXUOOJOOw'Oi.'OO^C'CasOCJC.'DOOaSOOCO'JO'^ 

O-  +444444444  4444444444444444441  |  |  |  |  |  |  |  |  |  |  ||  I  I  I  I  I  I  I  I 

«•  >  0  <m  'j  <m  »*  o  o  ifl  fx  h  in  xin  r*  o  t-  "4  o  <m  4  o  p  ^  4*  *m  in  4*  c  n  is  x  4  t\i  <■>  t'j  c>  4)  u'  !*.  f*  o  '■)  4  s  o  O'  n  o 

ui  jj  j  <iffi'n,Mx3i  0<n^cj«uj,gHi}'(v3'UiPr)Hjr)4)U'i)xooi]'U)V'MX0'  a  r»  vii  o  ®  n  a  a  p*  n 

._:  -  o  j  >j  J-  t  J  i  J>  iT>  ft  j.t,j  r>  n  ;  >g  jr«  .c  1  ftN  \H  i  'H’lft  i  ♦  p 

■J  3jl  4  4  )il  \|Jl  1  ft  1  JM  ftftfi  t  1  ml''  I11  ft  j  t  ftl  J  I**  ft  i 

0  n  >1  *■%  rj  -u  .4  t-i  .4  0*  jji»u  ^  4T  n  ro  .-4  iv  ^  .4  ^  . «  -« O'  o  c  •*  j  n  ■/>  »  o-  n  -)  -n  pj  -v  n;  -vtM  -  -*  * 


B-8 


infinite  mEcium  graphite  spectrum 


M  <VI<M4M<VM  MMM  MM  M<MMNMMMNMMMMMMMMIOI<MOI<M»>l»>«IOl<5«iOl'>IOlOI<><n*aiO 
o  ooooooo oooeooooocooooeoeoeoeocoeooooeeeOoeoooc 
l  ii  |l  i  l  I  I  I  I  •  i  I  Til  l  •  •  I  »  *  I  •  »  l  11111111  III  I  I  I  •  l  I  l  •  I 
«  <v»n*  H«mvtMohHinv)«<ciMne<h«»N<MCNiiMi»o<f  NN«c«h«*<niP  <mm  n 
<o  *o®  •  <0  rf<MCT**c*o£«<c-'«e«S>©<MM-r»tft<Mr*4or*in-««-«»<cinin««oo*#irt  ®tn  o 

or*®®  r/AfOi*hc4o<Ric<Mr)i<i't',','i 

M  <M<M  MMMM<MMMMM<M<M<M<MM<MM»4*-»<«-i.4»<.-*-.-.-0>«|^*<r<nm9Jt*KJ<Ol0l'>l0l0rt*0 


►  ♦♦♦♦< 
)  r-  *  #  <m  < 

-  tOd  «f  *0  1 
J  HflOM 

St*  K  ®)>.  (f 


IMMMMMMMMMMMMMMMlOKV'OlOrti'XOini'M'X'Vf'HOlO 

h«^i/tiotutr<M^inr>®B^oir^ior>-fo<M®<coir»  <r  «  x  o 
i  <nr«oco  oer<vi»C'a»fffftfOff 
>  9  e  >-  <v  r>  o  <r>  r>  o  >4r>-  m  *»«««••«  9  n  m  co  m  T-  e  <o  ®  a  o  o -• 


<*-<MMM<MM<M<M<n»r>l0  99»l‘*0'-»»,«*"«MM<OIOi 


♦  ♦  ♦  ♦  < 
a*  *  m -*t 

-Mi! 
o*  <mo»  r-  h 


J<M<M<M<M<M<MM<M<M<M<MM<M<M*0K)*'>»0niO*'><0**  9®****^*® 

>•♦♦♦♦  +  ♦■»■♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦■♦•♦ 
'  O  0>  CiMOi  in®m<M)0<MO>9>  dOlMHOa-OOOiOHOll  O-lflibNC 

)trM9>®'-Mr»®0>M4>OM®®®*<0~<M*0®M>4Ml'>-4f*‘00>4>IOlO® 
JO  MKino<  43  —  0  -oiocginoci«Hginno«o<M<ChB«oh«C4Mi 
•C><M3h^'0«-iO^O(fOiw(V«CHOvo««OinOvCn»*®h<‘<M#0 


oinooto  >4>4H«(VBinh<->H( 


OOOOOOCOOOOOHp<»4>4H>4>4H>4««<->4«4<-H--->4<4rf->4HHH(MN  N  NNN<VI<M<M 

ococcooccootoccocoocccocoocoococooooooocoococoo 

♦  ♦♦♦♦♦♦♦♦♦♦♦I  I  I  II  I  I  1111  II  I  I  II  III!  I  II  I  •  II  I  I  I  I  II  I 

<o  3  *c  in  O'  ®  pyiocsjonfO  H-nff  ocMnd1  ooo^<?>  ^#«On«N  jo  o  ond>  <o  m  to  ®  -**  ® 

43  (M43  H!0NOH0in0‘M0  3<M«»fl|0*HlfJ00*H0'Hil0^oOiOhi<M0*^OHH*0'nrtl«« 

0<l<l«e««i-OOooH-<l<<MHOJO-— MoCOonMOOKilPiM*  9  r*  mO'f'  9  in 
p»  jNocMninNociyiJ  r»o90>®0'in»<«.irM0>r>»®M~40«4>®®i')<M«4or'0'  <m  ir  <r  10  <c  *o  a 

•  •••••••••••••••*•••••••••••••••••••••••  •  •••••• 

JNNOfllflJ  *  S  -4®  ®  4>  r>-  OOflJ)  J 


<M  <M<M  <M  <M  <M<M<M<M<M<V<M<M  <MM<MM<M<M<M  <M<V<M<M<M<M  <M<M<V<M<M<M<M<M<M<M<V<M<M<M  <M<M<M<M<M<M<M 
oooooooooooooo  ooooooooooooo  oo ooooooooooo  ooooooo 
I  lltlllltlltllllltllllllllllllllllllllll  II  lllll 
m  tno>  o*®®>0'0*'Mr*tnr«.r..r*.tftr*-*9'«nin<nio®o*®®of*.®<M-«r'>»'>MK»>‘9*r-®<n  Mitcoo* 
m  mt-  irMroo-mrir,  irniwNMir^joB'.orjininoN-NJiflNioifO'O  or*  -*  nMvoMn-n 
O'  mm  -»f-if><\:9«c®»->o  —  <rp"r»o<r>**®r'-r*<vi<)t‘>or*.  of-  Hotno-ooiohNn  oO'^nomo 
o«oM'Mrioooo(i)-oo(vo(,)oHo--<yiNi>)flijji(i(r«aiaoo'oooKr*  r*-  P  to  ®  m  to  ® 

•  . .  ••••••• 

m  mm  mmmmmmmmm  ®  *  s  &  *  -tmmmmmmmnmiommtvwtvm  <m*o  «<o<m<m  <m<m<m<m<m<m<m 

-t  -4-4  *4>4^^^^*4-4<M>->4<M^>4<M<M<M<M<M<M4M<M<M<M  <V<M<M<M<M<M<M<M<M  rj  <M  <M  <M  <MM<M<M<M<M<M 

^w4~4w4m4m4-4~*-*-4-*-t-4-4m4-4**-4-4^-4^w*w*ml*4  —  H—  —  —  —  —  -4  -4  -4  -4  -4  -4  -* 

♦  ♦♦♦♦♦♦♦ 

lONiOI»!M«JiniflM'lHlftNN-MP»'ftH«(inift.po(no>OOHiOI>'«<MOO<OiO*  I"  ®  «-i  o  ®  o»  ® 
m  ®  *n  ®ifl  <o  o  n.t  00-400001  o®r»<7v<j^4)r^*o®'*r»in-*<7‘oo<7*®<*»WJ'»o<M  <oohin«iO 
n(MgjH(»^NN(Mo!vinininMMDT'.n#'MHNOP0i£)tinyfl  +  i<iinoNH(M,00''e  mi-  oj-oj 
■0  J  JO'OMO’SvOJ  0<?*:»>300«-«.-<M-4<MM<V'M<M<M<MniO-»®I'>®®»'>*  ®  9  9  Ifl  if)  i/>  tf> 

<0NNMn'nl'<f  -  —  — 

OOOOOO'-'OOOOC  O  C  '■JOOO-«-*-*'-«-l  •■«-<-*  *4  -I  -*  -*  -4  -4  ~4 

OOOOO0<T>0OCJ~3O0-<-4-4-4~4-4-4-<-4^*4~t-4-4-4-4-4-4-4-4-4-4-4-4-4r4-4  — *  -4  -4  -4  -4  -4 
♦  ♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦*♦♦♦♦  +  ♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦  ♦  ♦♦♦♦♦♦ 
to  Mlfl  SJOOOatOOOiOOOJtf't-SKNOOO'fl^  OO*  O  JH«OflO  J  OOO  OOOiONNJ 
K)(0inHC"flNo0'ini0Hi0  0>*iKV5'0Hfffl(ni0«<n'0-<0»iftoM0t0>0iflftM0i09)»)  r«*  o  m  9*  ♦  «o o* 
-»  *  9  -a  -»  v  m  'O  *  <*»  <r  m  *  m  n  o  *  o  r>  •-  •/>  -» <*  mi  -<  9  m  <r  .4  o*  ®  •*>  r*  ;*j  o  r>  *  t*  t  j  *m  m  o  m  o  -t 

-cjjomotftJOiH  o-oN'V  +  JJfl'H^PNaO'ioOtJtO'OnH'Muvfi'p'J-'n  ^  Hna*(jro<M 

-<-4  •-  <v  ®  »n  ®  ir>  >r  o  o*  -*  w4r4-4-4*Ncvmm  ®  9  in  o  ot^r*  «  •-  cv  <m  <m  <m  m  m  m  *  ®  w 

<M  M<M  <M  N!J|N<MNIMNiNNH  — -  --  -- — —  HPOOOOO  OOOOOOO 
ooooooo'T'OCooc'C  r'oooaoorooooooooocooeoc'ooo  ocooooo 

*  +  +  +  +  +  + 

oo  4ovv4>^!o«oo^»n®ino'*o*o«<M®o*p»®o*0'ioo*»A<Mrfco®®i»»®o*>OM^  snn'OO' to- 
®-t*<OMOio<0or'»<nio<0tnin<Ministin®*'O'OM*’<>oNo**0tfloinin'09>ifli'>o  o<A<M'-»r>n 
T  ONN^e  o  m  •-  n  <**  •<»  o 

M-OM^O-OIO^  'rtn-JO  rflNOJMIN3N'lfl<H,Vf‘inM,JNt  0O1N  0|N'OT*in-J> 
•  ••••••••••••••••••••••••••••«••••••*•••  ••••••• 

c*>  oin  rr-f*  C'/)^4*^-VM'M<M<M>4*->-«-«-*4-40>®r><*>4>tr»  mt  *  m  mm  <v 


¥  .  i 


h  >s  i 


*  I 

,  j 

.  i 
A 


'  *1 


X 

z> 


u 

Ul 

a 

i/i 


z 
r l 


r 

j 

M 

o 

tal 

r 


& 


in 

H 


<0 

N. 

O 


3 

a 

> 

o 

u 


5 

z 

« 

»- 


z 

hi 


Ul 

Z 


► 

15  - 
*  > 

M  Ul 


Ul  W  w  W 


J 

III 

n 


u 

Id 


rtrtr  mr> 
oeeeo 

i  i  T  i  i 

oos-  *o 

CM  «-*M  ©W" 
©e  o  *'  st 

c<»  n- 


wnwnrirMnwwnwrtnrtnioioinioio^nioi'inrminnnftnioiON 
000  0000000000/1000000000000 

•  I  I  I  •  I  I  I  I  I  I  I  I  I 

«i»n#  Nfr«*«e*io0<r _  .  _  .  w  _ 

4  0»o»c-^*-»oir>*i'^oni*'h-^it^<vtf>tf-4«CiO'*t<dr,  m  9  *o  <ff  tn  <\i  in 

w«mr>i  oiof>i»)«p)C  rini0i0icaiMi'irr4h^44«iitftf>4OC>N 
a  e  c  N  <>.  v  4.  a  0  faa  h  o  d  f-  Mb  wmmt-  wh  c- 


(VMM  (MM 

eoocoocooooocoeooooee ocoo 
1  1  1  1  1  l  1  1  1  1  l  l  1  1  l  1  1  l  l  l  l  l  1  J  I 
ltd  /'op  cvircff  m  -  ■  in  «  o>  -4  4  ©--Km 

- - *  .  -  - - ©  s- cmo 

O  i£  <C  dt 
H  •!  IV  Ki 


<M  M  CW  <M  (M 
OOOOO 
I  I  I  I  t 
r»  oNinff 
4  s-  cs  s- 1* 
h  h  o  cc  10 
iff  ©ff-  a.  •-• 


1 

«nrtf)«/)ff(rtinnni,»ni5/HOioioiOKiMionMninnton»4Nftifti(M«iW(M(M(Mi\i  mm«mm 


♦  ♦  ♦ 

*  a  ct 
i rm 

*  Miff 
©tf  */» 


♦  ♦ 
m  «»> 
in  n 

iff  *• 

r>  o 


♦  ♦  ♦  ♦ 
MT  or 

—  C  -4  CJ 

r  nch 
ffntff  t: 


♦  ♦  ♦ 
O  IT  W. 

o  x  in 
IVMC 
«tV\ 


♦  ♦ 

M  9 
*  -< 
M  N 
M  -> 


♦  * 
r<  -* 
3  <r 


♦  ♦  ♦ 

<0  CJ  c 
a  iff  IV* 

r-  r»  iv 

*  Pt  ~ 


>0  a- 
n  ri 
*T  **S 


♦  ff 
•»  .» 

a  s 

M  C 


♦  ♦♦♦♦♦♦♦♦♦+♦♦  +  •♦■  ♦♦♦♦♦♦♦♦♦ 
iooff-«-*iffMJff'C>^c-»^ino  iffoo  r-oco'^^m.-* 
o  ®  it  <v  a  c  o  «•  c  *2  c  c  --I  c  (vj  c  o  »»'  «-*  h>  m  iv  a  if)  O' 

l*  4  «ff-  O0  ff'ff’iKffWCIflMf  (  H  O 

CMI'I*.  MS  4  tl  i  (•  04  8  J  -lint  ff)C  Mil  ilft'Otf.  W 


-O'  M  I 

-iHNft|K)IOin0  4  iff  3  4  4  jr*)l’ff'|i)fti(y|ftlNH^rlrtrtrt(n'^|lil»'4/)ff)r)«INWWii*l*l**  -4  O'  «C 


3**4**3*13333  4ffin.nin»f)inirimnifurif)intfMr)n4f*iff»^iff^^^iff^a^ 


♦  ♦  ♦  ♦  ♦ 
o  43 <0  cm 
®«®  m  <M 
K>«. 
(V«0  M  ®  :ff 


♦  ♦  ♦  ♦ 
« iM  m  m 
oms>© 
o  c  ini' 
o  mMn 


♦  ♦♦♦♦♦♦♦♦♦ 
v0*-*-oMM0^^»nimnfg0‘^iPMr^C''0'0ffnoMioM'0<MJ'ininff0-^«0'0i0inMor» 
>4O'O'O''-in^iffO*no(M^cro~iff(O'O^inM>4oinff^ff->-ino'O(Min>-'0'Oin'CO(OM 
8Jdonir(M0Mrwnjc*in8itf)<\)ff'i,)CM'CM0fftf4<c<Meao0')0ffM'ncc«c>c 
fll-oNoo-^MNftiiMH-HHHCoomivoin-nf  4K)NNff>0ioniceh4- 


<m  <m*o  iff  iiPioK  vffff  -« sOvO'O'O'Cvo  in  if)  in  in  Tiff  .4  3  3 

wH^niiviMNiMfli  mivini  i\iAiivKM<vi\i(vniiMiM  mai  rv»M«M«'imi»vio*r»ininfnr>K>fOio  iokmoio  /innnn 
OCOCOCCOOCOC  OOCCi  OOOC-O  COC.O>OC  OOC  CO-  c>  000000c  000  000000 

I  I  I  I  1  •  I  I  I  I  (  (  I  I  I  I  I  I  I  I  I  I  1  I  I  I  I  I  I  I  1  III  I  I  I  I  I  I  till  I  I  I  I  I 

•*  «om  w  4  10  ©  »  *  o>  3  r>-  3  ■n<M*-ii'-'O*o;t-4«ooff'-ff»coiO'OO'r,‘!UMion«c--»'0'OcOiff  •-'Or'nff'44ffN 
omo'-f-o  o  m  o  -*  xo  iff  r~  e.)  r~  r>  o*  n  mrjin  3  o  m  oni'iocitiffMniMiO'iff  o'n'*«o  ff  msoO' 
omin«<oioioMaM«)mo4>oMMiffO'in^a<oo^«4«ff"or-oiro'^oio>4ioccovou)voovinin<M^'r 
N-O^B-ffhHO^MnffflnoMf  IOHO'8iOlfln«HO®0(MiC0  4ff  4PIHN  ®mNff  Ml'l’l'ifl' 


•  • 


•  • 


•  • 


V 

■>  -* 
X  > 

Ul  UJ 


•^^-^a»«rv.n4>«nmj'^*n«o*n*oni<M'MM-«---ff-<‘-i-ff-ff-^ovO'®MMvoinin^^itn'0*o(M<M<M<M(M-* 


(MMIMMMM<MM(MMMMM(MM<MM<MMM<VICMMMMMMM<M(M«M(M(M<M(M<MM<MM(M(M(MffOlOiOiOiOiniO 

ooor»oooooooooooooooooooooooooooooooooooo  000000000 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

on  om-nno"  tin  +  4  ff  o  0  r«i  -o  *>  in  \»  m  0'M^ff-D''i.o,ij-4<\ic»<t5>o,or-o.-«i04to-i»0'M»0'Mo-5Ai 

<T0Mn«e-4*rt»nio<r)O'O  <c  •)(vwc«nAiMr  ^woino.ff'as-  3'tn  ff*K\ow4\Ocn  M<M«v-**0(M.-tiri»j 
*n'OCM<M(Tn'CoO'inx^-«a,nffMJ'ff'into-*.n^a*r;T-«'\’^ff»0'0'ff('iMn'C‘a’  4  X  ©  M  O'  M  '  (M  -4 
>0<0MM«r<t.0'OO0'oo-4fM-4MiMMiM'0«r‘ff^^ff>r‘ff‘ff‘®*c«r)4'^in»nir)ind-<MM(Vo^in-4»0m0'^ 

r*«*rtH(\|N^(V^ft|(MM^NB|(M(VNNIMRINNfll('INNNIMIMNIM(Ml'INNMN(\HM  (MMMMlO 

♦  ♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦*♦♦♦♦♦♦♦♦♦♦♦♦♦♦  ♦*♦*♦♦♦♦4 
n ‘•K'ln'o^nom  o  irffpirtr'Nff.iNffifl-ffffoivoffPNMio'ti'ff  5  mv^nifl-CN  m  c 
oomci'0*oinopi  o  4  n-*o«i4  -icff  4  .-t  d'  ffocpMiff/'.-tioHioffi'ior'  o*n»0'0  O'O'OM  (vnififff 
frj  *o  -4  -<  a  -*  •n  -r  *n  ,-ff  *n  -r  jff  n  O'  t  -t  ^  tnc  comffoaiftff'ff'i'in^'O'MnoiyHiM 

•wx«n>-oc<3  0  0"-*'-*-'-*'-*— *-*  m  m  m  M'-y*!  “i  *”  <o  4  4  4-  -ff  t  td  >0  '0  os  oh  n.  ffi^m-^^-i.n-4 

Ol  (M  <\in  ff  ITS  IT  •! 

000  ?COSCH^HHHrl^riH<4HriMrf.iri^rUI\|i'>MAIA^lVM'\l8'lMI'M\IA!  ivci*o*n‘-v*n*o»v*n 

♦  4ff4444444444444*+44+*4»4444444444**^4444  ♦f+**4*+-k 

D04  0tO''l«*OTf  Win  3  <n  3  +~t*  0’OiCOMfin44'*44P4M/l  n  ff  -4  *0  ro  -*  ff*.rv|(*®©<Mf‘®!,'> 
sffff  o  1’Hff  Crtff  4.1  ns  n  iv  HNiMfl  ms  m  4  'I  nff  4  <r  os  w  mv  o  o  n/ii  ^  «  ij>  n  m  ff  3  *'  Mf  •'< 

■'4  ff  I  -»  I  •}  f  IffHM  oJ  ,■*  ff  VIM  J*  .-1  ^  v  .)  ■  :•>  .ff-  I)  .•  Jl'Jhfftlfffl  JK'  f  1  f  -fl  ?  .■*  JV  •■*  ff'  M»  5 

■5<0-f /I'lfirnn^  t  f  r)ff^i'r»o''i-*n 

HH(M/iffin4)n**-4-4>*<4('iiMNnnnff'fl  off''rP'*-,’/'<'*-‘^M<Mnnt4inr  ^*-»nj*r>ffC'rc 

WH4HH44HH300  3  00305000  »l-4-4-4-«-4»4-4*4 

'5'T3foi:'Oorrooor)orjc-c:oo*'<r'rjC'Oooo'^ooo'>'^'r''3'’.  rooooosoi: 

flnooffs  inff  off  ff  u  *-<  jv*»s>  ns  -4-4rvj/>'MT'p>yo'u'>  «n  •co,\i«ocvwsoo'  s  «  ,i  c  m  c>  1  :  im 

o  ff  ffcMS-  ff  "V  n  #  -•  c  CT'-*  t  s  ijV  h  r*  n  j  tffsojntio'/'Nff  ff^  s-  .1  'D  o  ff  ('Iff  ff 

o  oo'iff  4  4  0m>  ffj*s-j''vi,n^»«?»ino  i  r  n  -'  - 1  s-  r  ♦  «*  ♦  ff  -n  4  ocffs-^o 

ff'iTT'M  on  '4'n.i>jv  -*-ff'S4  •snnj'.n-ioo  f-n-/^  osonts-ie  M  0  n  4  0  n  n-ff-s  off  n-n 

Mfl'ON«VH*4«4-iC»S4J4Hf)ffff.-,On(MMM*4«ffHH»*r4ffi(omSiO/)IO,ff  4-4 


B-10 


If.FINITE  MEolUM  GkAPHITE  SPECTRUM 


B-ll 


■  .FIM  Tt  *EuIu-  GBAHHITC  S°£Cr«'J)* 


nn«*,rti'inr)(»)f'*!(<ir'("in("rtrnr>ni<ini"rtrnirinni«)rio»*ii'ir'NNN  NWNfiNNfliNf 
ocnccor'€rrrcopoccce>cocopc*c''ce'prcpcr'crec,cccccccorc 

I  i  l  ll  l  t  i  «  i  i  i  i  i  i  i  |  i  i  i  t  f  •  . . I  |  |  |  |  |  t  i  I  I  l  l  I  l  I  l  l  •  •  « 

«RrMnrcrr»(M^o<riMr<*(Po^otfc«»noiroriflMo<MfirtN  co-'cwee 

(TiCMoon  m.  o  o  —  O'  otr)+)V'n9  000  ‘C'Cor)r^ec9r>o  o^t^moov'io-cor^  9— too  o  —  k 

»  m r  rc< c  -  <i  <i  i:  c  m  f  c  .• 

O  (Vff  Mf<  i  r-rrcffPror  •<-'!>■  rw  <r  <r  c  r  r  ^  10  a.  m  c.  ^  <v  t  r-  Q>  o  ft  n  i"  s  ll’^  r  e  -*n 

O  4  m *1  •"  *>  co  n  r»  m  w  cv  m  pj  «n  m  m  m  «n  m  m  »o  4  4  .4  it  ip  m  in  »n  "OP*  4»  «n  «r  o»  «p 


w 

Ul 

>il 

<K 

IP 

Uf 

n 


tii 

7 

Ul 


nnnnrtn  nn  mm  m  *ytn  tor*  nr*  nrs  >n  mn  ")•>*>  (vi<m<\m\ima)NN(mm  (V  (v  «  n  w  ci  iw  k  •- 

—  —  > 

♦  ♦ 

*•  -4  I 

to  —  i 
■o  r' 

IP  O  I 


♦  ♦  ♦  ♦ 

*  mo  —  a 

-  r'co  — 

'  K'fOWH' 


♦  ♦  ♦  ♦  ♦ 

CC"  cr 

►  a  »<cir 
cm<Mf 
tC’  —  i no  4 


4  14 

h  r*? 
reft) 
Mr  r 
IP  m  w 


*  4  * 

r-  r.'  n 
mom 
wot 
m<  c  «> 


♦  *  * 

r-  S  r* 

p*  c-  4* 
<f  r>  o 

<'  3  ~ 


4-  4 

IP  o 

t  r 

*r  p 

p.‘« 


*  4  4  * 
— <  IP  If'  c 
O'  a:  pif 
*n  «r  »T  • 


P  C  T  -C  5  «V  -* 


44444«4t444  4  4  4  4  *  < 
^lWOI"ITf  (ffM1!  ^  f'  O  p  tr  f 
p  we  pit  pic  nprf  0*  «0  r-  «t  o  m  < 
—  oo  n  —  or'*-*'  —  —  o  e  «p  **“  it  * 
ow-*«y:4«0<uir*JO'O  r,  c*  <r  P  9  • 


■  4  4 

►  tn  r- 

■  Oh 
)  IP  C 


—  -<«ft|p  *p  n  9  o  *  4  i^4  4  jr)K)Ki»pf\jrwfMrj-»»4»4-4-4^«op->rin-4  4  m  k;  c\j  p» 

0*090090  t  oo  oinv>nnin\c\P*iinitMntr>>riin>rinirif>999  oo  o  999  o  0999*9909 

—  —  ——  —  —  ——  ——  ——  —  —  ——  —  —  —  —  ——  —  ——  —  —  —  —  ——  ——  ——  ——  ——  ——  —  —  —  —  —  ——  — 
444444441444444444444444444 
hj  ^9»f)<oin(4  Btos'MninPHinioioioftiPiaoN 
O'OlMCP\0<M*-*»tPfOffl<CP-  *4  4-  lOMOvOO  «p  ©  —  O'  <X>  9  O' 

o  no4«4  Nco«iiMrniH'0O4(HnHOMftetinir 
*•4  (VTtnftl  0(T  P  4  4  iO*'-<ftlN«'O^PP(MK^-iO 


4444444444444  4444444 

«^4>r-*4in<u<o(Mn*4i0tf4  01  4  o>  »o  «o  oi  in 
(Too*  N^oMtoniino  no'«  o  © « n  «v 

040  0®-"Onr-'4«C  P  4  p  in  P  <c  c 

ceeftij  o^-^piCinwo  «r  r-  in  *>  *■•  pi  r- 


•oo 
e« 
r  ip 


«•*  — 
ac  •> 
uu 

Si w 


•4  -I<M  Pin  ilOlA<O4P0><4HH«4ri4HH4^^^^*i^^*iHa"t>i«N4><C<O'l)<OiC  in  !p  in  IT  tr  in  4  4-4 

^t^^«Picii(M(wnirv:(M(M‘M<M'V'VfM<M(MrM(M«M«\j<v<MPini'Mn!P4riiminipintpfOioiOK)fOip'Oion«p«o*,>iP<o 

oecocoocccorcoceccpprrcrcoeocoppppcoopco eococcc oc 

I  I  I  l  «  I  l  l  i  I  I  I  I  I  I  I  t  I  I  I  I  I  I  •  I  I  l  •  i  I  I  l  l  I  I  i  l  I  I  «  I  l  l  t  I  l  l  I  I 

»-Crt4««H^pif)0'VieiM>|J''f'/»N«'p!n^p«  or-©  *  j  o  IT.  n  —r-  one  4  WHPCoeftHJrj 

4«PO«PftiftlomMyftip-iiMOP(Vfl|ftjo>o<OPpft-**p>DP  -op  p«pphp<-i-i  n-4fii*4inr-«oin«o 

*4MPn»*OMe»pftiii>c4Hin^0'0>on*4-o(MPo4Pein4  4i00'«oinnn«*i«)P  «o 
«wo«oNino'phftiio4opp*iBion*io*tf  pin^oeftiihHpoinoop  c«  ncomn-o 

—  —9  >  OK  OOP  IP  44  4K>nKirYrgojrgru-»-4-*-4-4-4r'*-4O1r0I-P-»0  9  >f*  A  O  *  lO^l*O'O-MP|fM0VI<M 


m 

II  J 

«r  ui 

»- 
o 
a 

—  35 


•c 

N> 

n 


_i 

-j 

c 


4|PIPIAINnMU<MPIPjP|PJPtpJPIPJPIP4PJP|OjOim<vniOlniPttUOI<VOin|<MPI<lininiOIOIPIOIPIOI*r>nnnn 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOC’OOOC'DCSCOCOOOO 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  S  I  I  I  I  I  I  9  I  I  I  I  I  I  I  I  I  I 

m  t  —  —  —  zz  o  7»  m  p  “i  o  n  t  ftjn  'y  T'i  n  p  .t  p  t  o  p.i  in  t7>  -j  in  j>  (MO  a  c>  im  -j  n  -f  3,i-i»  o  m  0  in  “M 
Pft'CiinP  hN4  04  4«C5lMh-<CPPTPC'Jirt(ro*'  -  P-CmniCN'-OP'  m  rr  JflHIf'Jlf  o 
OHniHO«ift'  oj  rf.f  .pino  (!  himm  iffliHf  jctnPiitC  ocO'tr  iv-PPo-tjc/W** 
dOHrt«(4  4nnrinDiimn(0(fP0P(!'0'ocoooQ*<H*i*ippccpr-p(.  Mir  9  MHCjiinpH 

-4«UfM<Mc\i^Mrj<MtypicM?\irj'M*MPiPi<MM-<-*<Mrj<Mrjrv<v,'ir\ir(jpj-«-«-4-4*-»-4  *■«-■«»<  *-■  *-<*-■-«  a:  ^  P  X 

•4  *4  *^*-<-4-4  *4  rJ  rj  pj  f\i  pi  pi  p»  rj  pi  <M  pi  p*  pi  p;  cm  pi  Pi  PI  o:  PIM  <M  pi  N  PJ  Pi  PI  PI  ’>1  N  N  w  M  tv  ri  04  CM  <u  PI  n 

444444444444444*444444444444444444444*44  *44444444 

'j  "f  <1  ^  p’-rf'-'Tr-y^r-  -'.•'v-<-'":’p’T'-»-r;rP-c7'A;c'*-ix,op  3  y  :s  •-<  -1  jo  rnjo  o  *r  -o  a  n 

'nnuvoo*f  n\'P-‘0,j'inP(0  30|i1'(PirftiicipoM?j'3HiCPoN(0J  J'DPoi^.MrtO'i/i'O 
totoc  *  -  h  r j  d  *4  pi  ojNiy(M-coTTr(?('.vr'po*inion}<'j(oo'inoin-ii  H**H'nnoninti 
i-c4Douojoo33'jH4on44Hflnnvfji')n'')fiit^inif.n'OPPO'OftiiPNo<)ONoi 

Pt'CD!M,T''-l-»-IH4  4-l.-<^.-IH*l*l4-l4HH*<J4-l-l4*<-l-C*«H4'4ftlft|'JWint!ftN3‘'' 


O"?  eoc  onrs  c  *c*<  'C*c*c*c-ch  -c*ihh  h*ih  -crir.’ricirKin  rjricitc  fl  rjivjci  a  rj  on  nr)  n  mn 
^  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  ————————— 

—  4*4*44*44444444444444444444444444*444444  444444444 

'u  pfti4ftiiflftiMno?i03'Poin.'mnoiNfti>otn.i3iu!’imM'OP'n*iaMi?'  co  o-nsiz-t— — 

—  4  *p  pi r-  o  4  n  r-  y  r-  -»  -*  *-  <n  r  y  y  n  *0  r?  m  j>  p  o  -1  o  3  4-  pi  4  r-  t  pi  4  *4  4  o  .4  r-  r-  n  .p  o  n  .3  in  y  y 
pp«r.iP(M*  i  •  >  >  r  4  :p-p  r  j  Or-nc.  3  >  >n a  xt.'  j  rj  s  —  r-  4  4  4  J  c  -  .4  a  j-p*  y  - 
©  4  <T  T  O  -P  P  P  ro  —  Pl  4  P  ->  P!  tOTftlTP  P  0  3  o  o  -i  "J  fONTO  3  C  4  O'  4  O  r>  _1  ;  ri  »  f  d  O'  J1 

4HN'Mmiinpit>-«^4M('iftjfti<Mrtpntin(£)PC'*'*c-i*'^"i'jNr4nioiotir  op-3'  -<*''*  w  J  'n  ^ 


*-C*4*4*H'4*4*4*4-4031  3*3  r?_)  '-D  ^3  —  "4  —  —  —4  —  —  —  —  —  —  —  —  —  —  —  —  —  ——  — 

V  00c?0030‘00-'00000  0  0r»c-00'-c0''-  "J  C  TC  "DOOO  OOOOOOO  O  O  O  3  C  O  O  T  O 

3-  44444444-44444444444444444444IIIIIIIIIIII  t  I  I  9  I  I  •  I  I 

K  >  C-IOfJHC  U  -P  CJ  —  if  O  ">  r-  O  f-  —  0  -v  4  C  0  <0  CP  M  *>  •-  X  f-  O  4  .4  -M  —  0  r-  9  —  J1  •<  4  y  -O  P  T  ns  M  c 

uiui  O'ji  ni  oc  3iMHj(*n  oopohdo  do  ojd  ojiiO'  i  cin^ 

rf>4P','4  ?  4  1«  *4  n  O  ~  1  ~  ~i  ?  *»  *M  «*  -  *  ->  "3  OP-3'P  3  t  4  4  *5  O  4  *4  4  3  4-  4 

ii  -«nT'>-inr»-|'3P-‘4O0'3n-4*-4OP*4P0n'»M'>i>7'J4.3t»Mv*-o>nj  >  o  4  : u  i  0  3  it 

vjy*inim  op*  3  Jim  t  -c  -chp  o  31 1-  o  p  p  4  o  4>  .n  n  ; 4  \  ,m  m  m  •*  —  — 


t 


B- 12 


NFlNITt  mEjIu*  o^AhHIT*  s°ec  r«u.*- 


wr>rti»r»rMnini<)i"ii)nm<)r-*irinrinr)in^nirrt^n«nrnirflicr-«BMM  NMWWNNNflf.' 
rrrccorrrrrcrrrcpcr.ccpnrrcocccrcncfcpcceipcccccoee 
I  il  III  l  l  l  •  l  l  •  •  %  l  l  l  l  l  l  •  i  i  i  i  l  i  •  i  i  j  i  |  i  |  •  •  l  l  I  l  l  l  l  l  l  l 

««c  «V3-  rseiM'frpo'p^rirtf'o^orr.  winsirrro^fl^g  h  4  \D  4  r-  -*C  co^ewe?o 
r-eKflc^t.  ^o>  on<ov  FijifocivtxiopoMrjnaoor'  \e  o  m  »o  <o  c  r-  ^  ^«rff  cro*<« 
.1  r  if  «if  .•»J(K,if^<'r.^rh<,<vio<'^«t«di,»tw(T'ir<'tfei«#«c^ii>r*<«'«iCCcinre? 
««'frMf'!)frrro  red  ff  *i  «  >:f  f<  f>  JioNh  c^ki 


4  in"Or"KiKt(or>*'('iwnwini"i"ir>iOFiK>n.-f  . 


t.‘trwm<n  .»n  Kniro'irw^^ 


moooni>)nrtnK)i"Kjrni"ni,'ior>iOf>^nr  Wft.'WNwnR.'ni^ 

♦  ♦♦♦♦♦♦♦**4****+*  +  ***  +  *  +  +*  +  4.  +  *4*+t  +  *****  *  44  ♦  +  ♦♦♦♦ 
-<  —•  p-  4M«crini'r|-<’'r'r'.'fr  rfrir'c-*rif!«o<‘4i-*irici"iPCcr<»hn  -•  4~  O  f  tf  4  mh 
m  rfiMO1-*#  h  «  *4C'-c€'«nno*r>^cr^'r'r«p»»-.ivr-»«»iref*«#Mcirirwcrnf'c»^  FPf'-ttO'mwf'-or- 

»r  i”  ^  p-  4  •jit  p  rcrfip^rMrc 

moii,i«wir'»;'»‘i,i.-4  4«'iiiii)f<c«"fli  -*  n  «t:  »o  o  -o  4  tv-*c?*i—>rvj4«o  .D*iC'£ 

r«  -<  i  FiF'rtf  j  ^  j  4  j  «  tinnnn<M<vi<MAi<4«4H^^^«nh«in4  4nnAi(illiMNHr«««Hv4MO' 

4  i  4  4  4  4  4  4  44  4  4VMOin  n<nirTM'4tmiAlf>>OlfllAlfipir>444  444  444  4  4  4  4  4  4  4  4  4  4 

♦  ♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦  ♦♦♦♦♦♦♦♦♦ 
«44-'40>*o<oamo>«'00>r^<nin'^'4«n«n<oin(Mr>^(0«r»4]^r-r<'4inN<or‘in h<o «n  <V4<Mo«)<vvnn-« 
o  « «vo>  >0  m^omom  «r>*  -*p-  «op»  m-ov  o^<?D4o«tf  ><yHoN4oo4in4n(44)«o^(MK)o 
0  nch'04  tv. «  owoif(\J'<>cc4«HnHoN«C'fiO'</4oe<H<inir-'4«K  r.  4Mnh«cc« 
-*  %o  tv  corn  t\j  rj  0  p-  p-  4  4o^^«i^r.,nn»)'r'i;«:-»H0C':civ4O!r-i0iiCiniMo  »r  r»  m  pi  *-<  rg  P-  ep  in 

-4  -4  tv  rjfo  in  «  r  if  if  ia  4  4  4 


^•^^•ri(M(M<voir-i^(v'\f«v'M<\:<M<v(M<vr.'<M<v(v<M<vfii'Mm'vn}«OfOioinK><onio>r«n'n'*>ioK>r>K)FntO'0 
srcccrcccrcrrocccr'rrcrcccoc'nc'.'ror^rorrc  OCOC'SC'JCUC 

•  I  •  I  I  •  •  I  t  I  I  •  •  I  I  I  I  •  I  I  I  •  I  •  I  I  I  I  I  I  •  I  I  I  I  I  I  t  I  •  l^  l  I  I  I  I  I  I 

4  44J4l-4F)f  0  'V  f  5  4(J«4f  APiif-f  n-ntDNOt  ,4C*'irr>~«P-om;C  4  m  .4  P-  £  C  A  f J  p  pj 

tor-  p-m«ao«  «'OH©»io«vioeO''<iA^(4ffcio«4-<oo>o'C4Mc«4-4in»«oif»ioin*HOKeo 

«HOitciMm<MnM\i<c4oM^H«p^n-cecir4i»*oc(V4f"-iooinctanff  cue  omr).  1 

. . . . 

-•-»-«  O'  >  t>r-  o  c  n  in  4  4  4ionn'Muni'MK-<-i-i-«-»-4-4-i1M)NNifl  oin.44  4  ♦o-*»<o-4M-Mn»'Mni 


FM<M«MM<M«\MV(Mru(MFVO.<Mry|(M<V(MOi<>l(VM<V<^<VOIfUfUfV«V<V(M(MM(V<Mnj<M(M(>iOIN(Ufy<vn>Or)inr> 
oooooooooooooooooooooooooooooooryocoooooo  O  OC  3COO  00 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I -I  •  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  ••  I  I  I  I 

in4-*HH2^j»-ii  n-o  3>0  4'Movo'M-'3P*4r^3'op-4,nij*oif»iPO‘ino9'Piot0  4  9  ..•>-« »  onicin^ 
r*  tv  o  4  m  p  -<  a  ■  >r  <T  4  4  «p  c  r<VN-'':KhT4-c'3ifi'COH-rTC<V''iC.  M^nr,  nr  4  rj  ^  it  ’f  f  o 
f^n4Hc»iw  co  -1  4'Pno  4  t  w  *-•  kc  4  C  »;r^  4  t«c  ccO’T!iH(\i-<r>-hC'^xjC'«n 

(4  o  -4  <v  4  4nnrinininifi'ivCfOhO>C'ooooon^H^HNh«f'f-r'Omn  4  <M-ic44i(ih^ 


-«  PI  C\»  PI  ;M  'll  PJ  Pi  rg  PJ  t\l  (M  PJ  PI  t\l  PI  <\M\I  PI  -*  -*  PI  rj  #\|  Pi  <%;  eg  p|  rg  PJ  p|  - 


>  — <  ~» tr  p-  xi  ir 


-«  M  -t  -•  p>  f j  rj  rg  pj  p|  pj  PJ  p|  pi  ig  r\»  pj  (M  rg  P|  %  .ig  -i;  nj  PJ  PI  PJ  rg  Pi  (J  Pi  Pi  PI  PI  ?g  W  PI  P J  'J  Pi  f i  Ci  Ci  PI  PI  O 

-4-4-4r4r4~4w4w4-4-4~- 

-  j  ~  t  -o  -i  nnrf  :J  -=—•—«  c  c  h  ^  ^  p  ?  ■o  j,n 

fj  Ifl  i/0  *0  C*  -0  •/*  *V  f»  -<  O'  7s  in  P-  0  3C'7‘>Pnn^a[,"»M.')M?4O.4XhOr;(0  44>0n  04  n  .11  .-n  o*  .n  -«  o 
4100104  t  p  h  f j  4  h  <M  04<M4*0'4H«'jntrp'i.v,'C'3^ninTP<inO'iooin-<4  h  MH'floopiflu 
.tH^lJOOO  J3  J-30fJHHO'J^HH(M‘gi||{|/nfl,14  4  4  ttninKl-ONNOiOfll  f  MU  O  1  O  III  (M 


4-  <t>  'T.  1*  3>  •*>  O'  . 


I,;,|  HH-IIJ  «  'KV'l  4inp»7'-i 


a  ■?  c  3  t  o  o  o  o  .1  h  -i  .<  h  hh.  i  ,1  ri  .i  .1  ri  h  r<  rj  r;  rj  n  r;  ci  eg  ri  eg  a  a  pj  eg  eg  cj  eg  eg  nnnnort  r» 

♦  «•  ♦>  4  4  4  4  +  +  +  +  +  +  *  +  * 

4*pi4pgmpgr>«in  o  >  4  co'i^o.o.nn;no''j'\j-9in*i4)a:,,nio:\i'04*.n<-«of'*.n3'C  s  c  r,  ji  :  i  • 

*P  .-jp.  rj>  t  PMN-i  0T4FIO  VJ  ;fl,IFiOJ4i'J  fP  fiMDI  f  4N  !• 

(I>  P*  *f.  t  P  P  P*  -p  >  *  t  4  4  .'  P  ^  I'  f  J  I'Ji'V'll'  3  ?'  !■*>  J  •*.  J  f.l  4  .H  4*  4  4  J  g  «  .-«  0  1>  f»  >  .* 

•3  4  C  71  •’?  ‘0  1?  0  K)  .H  t  P  V  t  3  •)  ’M  7-  P»  Ift  OOP  .i^FJ  fflP  4  t*J  3  O  4  &  4  1  -O  „1  ;  H  t  .P 'J  «l  Oi  ,1) 


«>-<«' ni >o  4inMp-iH  -« -» r  j  p;  AJ  <>j  r?  rj  n  4  f  g. p  a 


*g  pi  pi  r>  n  r>  t  m  u  *■•  - 


•  -«  -«  r g  4  ■/>  a 


♦  K  +  +4  +  +4+  +  t+  44f--444.  +  +  44444-*|||||||t|||  |  |  I  |  |  I  |  I  I  I 

iO  pj  o  rg  r<  o  o'jirjHji'onPCPH  0'V4c  on  r,  p-  m  »i  i  Mr  4  t  aj  -4  on  iha  ■»  4  >  J)  u*.  ^  to  M  f 

4’33'MO;\i43j  c.n  r>  g  3  o  3'\i-un:  t  nnHonsc  0  g  f  3  3>  ti  0  4  0  in  4  ^  h  >g  3  n  4  Ji  cj  u 

■O-PP^*  1*4  4111  I.I.IP  1:  l-'l  !  V.1-  ‘T1'  '’-J3N  ON  O'OI  *  'J  4  -!•■>-*-*.*■  !*••» 

-*  n  4*  7*  n  n  -g  3  i  -*  -<  n  0  o  o  4  3  ..i  *J  p  t  n  ■»  g  p  9  >  g  4  n  0  \j  -  o  7*  n  g^  3414333  it 

-o  J>  *3 pi rJ  ^  3 m  3 in i.m  t  4iiinri  "j-i-t'i  t n  jin  c  ji»".  4  4  nnn  g  \  rg  ^ 


B-13 


f 


I 

■I' 


[ 


k 


•3 


CD 

a  > 

UJUI 

ui 


OOOOCOOCCCOOOOOOOOCCO 
I  I  I  I  I  I  I  •  I  I  I  I  I  t  I  I  I  I  I  I  I 
«o  ir>  i-  ■ .  -o  a*  it  c  m  10 i  <o i  ■  m  r*  -*  m  & 
•4«OHoo(M^noocoo«Da<o^n(M\OfO 
r*  a  ^  f  <  ^  n  O'  \»a  r*  ^  in 

sr  ^  O'  jf  «nnf^«rr*O'O'O'<c0'0O'O'0'O' 
•  ••••••••••••*••••••• 

imnininintnintntntnininintnininininininift 


•oioioiotoioiortioiortrtiorticio^^^^^ 

hhi«(\im  h  ec 

oio^r^iocp(MO(c«ocD<-*«ooino^O'oiniP 

co^c\i«H<r(T'Oo<vcMC^cv^vO<viO'crcrc\jrocM 

h-  O  >fl  v£)  'O  >D  N  N  N  f*  f'*  CCN(0(DHHH*4h 


(0  oO  CD  QJ  CO  CO  cG  O'  O'  O'  O'  ^  O'  O'  O'  o  o  o  O  o  H 
OOOOOOCOOOOOOOOHH^HHH 
♦  +♦  +  ♦♦♦♦♦♦+♦♦+♦♦♦  +  ♦♦♦ 
Hc0(M0ONOOO^in(MOOWN*i0Hn\0 
r*>  cm  ro  h-  n  (Mto<MO'ioo'<\ir^oinino'vOcoo' 
a  •-*  03io  4^  ec  c  -1  -h  O'  «o  \p  0  >  r  ^  vs  u  in  1^ 

O'lOJtr-^Nin^it^wo^o'p^oi^o-MOin 

f04-^-in'Ococc^^^rvjf0^^vO^^»oo3co»H 


inininirun^^ji^d-^^^^cfiofoioroioco 

OOOOOOGOOOOOOOOOOOOOO 

»oi^oinr-4-o?oo)<oo'io^r-romo'cf^rovO 

H%0in\0i0H(0O0*MMC0'inNONN^N^ 

r^eco'oino^o^coio^-in-Hococccoino'Cxi 

If  C\J  O  •  ;  10  «-*  .4  i  v2  VI  CO  Cf  IT  a 

HHHHHO'N  4>tn4,lO(\|A|HHC0iniO(\|H(J' 


<vj(\j<\j<\icacoc\jcvjcjoj(vrjcvjoj(\ifUW<Mcvojrvj 
000000000000000000  00 o 
I  I  I  I  I  I  I  I  I  I  I  »  I  I  I  I  I  I  I  I  I 

K)HH  O(Ooo'cOH(\iinHHHinrtvOK)inN  cm 
flocoiM  fH^Mno'insn^NOJ 
K):*oi^r^ocGr>f'~rov£)ojcH.Ho  iOio*-*r^r*r^ 
ztinr^coocMiONOcocMino'itino'0'in®\D^r- 

«h  v4*h  ..  «cv  01  imm  <\i  n*  jo  fo  ^  ji-ir^inininitr* 


^•^■ifcfcf^d-ctd-cr^cffofofororoiororoio 

H  H  *C  HHHrtHHHfHHHHH  H  H  H  H  H  H 
+  ++  +  +  +  +  ♦+  ♦♦  +  +  ++  +  +  +  ♦+  + 
\0  >or^»o<Moc7'<M/>vo»oin^^painp^o^4'in 
r>K)0'r)c\j^4ino^vor-cfoCT'CMoc\jj-co^-(M 

3  ^•mininDojrva'imnroo  to  ao  *  in  in  in  o  *o 

K)  ooro^i4]r-sO^(V^^t'HinfOvO-icvoor~o-» 
ro<v'M<\i^-<^^^-c«H*-«coaor-^r-vor»Ni^ 


COcOQ(OCC(OOUCOcCCOlO(Cffi  COCOgOCOCOCDCDoO 
0000000000000  00000 COO 

♦♦♦♦++♦♦++♦♦+++♦++++♦ 
<0'0CM^’'D0'v0i0f0d'h-o^>m0'f0or-c0in^ 
r-»  (o^HNO'in  j-ioinooMOH  ^  ^  0  in k> o' 
io<v»nino<o^  ®onococo  crojm^-r-oacMO' 
•<Ho^4*-i<MfOojro<MinvOM'<i»OvOinin-HHin 

<M(\|(MCM(V<M(V(MCNJC\iCMCVi(M(M(MCM<\|  <M‘fO  K)  K) 


'OvOvOvDimninnininvnmininin'ninLnimnin 
000000000000000000000 
♦  +  +  >  +  +  +  ++  +  4-  +  +  +  +  +  +  ♦♦  +  ♦ 

K)  O  i’O'H  O  O'  O  CM  O  (7  1  O  O'  \X3  v  0  5’  OH  H 

oinoocor^^Nf^'OsOrOvOO'nvOOvOojcvio 
Nnmoj)MO-<o  B<MfOrois-o^okninroino' 
lrt  ^  O  N  r**  O'  M  0  O  ^  (M  03  ^  3  t>  vO  *  <\l  D' 

C  H  H  H  CO  ^  vb  ^  tfs  ^  lO  I<1;  '.O  r>  ft' 


b-;  4 


Infinite  medium  graphite  spectrum 


NNNNNNNNNNNNNNNAIMVNiyiMNNNIMN  NNNNNNNNNAINnNNNMNNMNMNNN 
oooooeocc-oooeocoooooocococ  cccoccecocceeccocoocot'co 
IliliiililiilllllliiillliliilililillilillilllilliT 
« no ««->*»  mpnon  oor^c.PiO'Mr*  ir>N®«Mro*ir> 

40  mtom  «r  **T*-«0'f*^-*cyoee»4-«f«.rtininr‘44  nc  »o*nhN4«i» 
N0'r-*4omm(rh^o*ni)«hMnoiriK)iP«e'h«N0  w  even  er  h  -<tr4oir>f-4<c«r’»o«'«'(rrr‘® 
ni  4<nvr)iiT4NO  c  *  f-  r*  »-  o  p-  c'cre^acGaO'cawcecao-ooe 

inmmminir>inin«ninintf)trMnw>iAtntn)nin(nioirintfiin<n)nininimnir>tnM>inio«nirt  nir*  mmiomminintnip 

nn«ii«rt»oiO(Ortnnnni<mrtiortion«rtn(onionion«n<ortnrtn«n nn  nnnnnionnn 

♦  ♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦•♦♦♦♦ 
cniu4iroao4HMo>  4  r»  «c  cm\i  c  circC'r^ct»om4r--ir4  —  <Mor?4P-  NonmniONnir  <w«mh-«c 
oM04««nie«NC8)NH«*(()oC'»<triNnnno4No<ieMrh  4«e»<NoeeNH««>rf-»<o 
cc<CMrr4iPocc«cciC«iin9  wff  <h  r  4  h  <  cr  .toro  nitrir  wnio  rg<r  rh  ki^cmK  oi" 
•  ®  ®r>-  <n  4  4ir>cc«e*ro‘®-«ir  r»  vr  m  4  <v  c  ®  c  m  r-  n<N«(r  -<»n«r.rc'Ne>«o*rr^K  4  *  r-  r*  o  «*4 
•  ••••••••••»••••••••••••••••••••••••••••••••••••«• 

4444444444444«4tf44444ini044tf444444ll>4»44444444*!t#!»*»S 


(MMMMMMMMf(MMMMfOPO(MnMI'00(MMfOOOOOOOOOOOOOOOOOOOO-H-i^ 
COOOOOOOOOOOOOCOOOOOO  OCOC  <4  >4H>4  H 

^4>o»0'r<-o(vok^(MO<oor^^<M>-)oMnr^^oun<oin«)N3r-o(co<e-(M04«f,<'i,to'io(>«M^.4Ko«C'4<o 
oio«(MnnNooMnN4  0HOH^4(ONi04<oin4(un<i'4nin«o<tino4o4ipiON4«Noo  -*m 
4HoemMii(ifiuirfti4iOMn^a'«M,)'<No4  4«)Mno'oNinio(CcO'cN«0'  oomnipHC®* 
>ON#'9>fr-«K)(oo'(rH*ion><  ntr  <V'C<0’oo><M<v4inoo<viQir>r*'<r-<c(V4r-o4r«-<uicin<MninoofO« 

HHHH^<VAIAINAI)Qnn4  4  44ininin«N«'00>01  ilOWMO^rt^H 

444  444444  444  4  4  #  H  nio  n  n  n  (O  n  n  nnnnio  orjnio  nioio  ion  N  N  w«  N  n  w  NN 

OOOOOOOOOOCOOOOOOOOOOOOOCOOOOGCC'OOOOOGOOCCC'COOC.-OGC 

M40‘4NOO0'«l04<V4i0«HC«<fln4Hi0««OHH^onM\tc<0NHOh<044inHWM0l0IVN 

MnH4«<r«AiHNK)niONO>  ®r-  9<n40><0iq<0H0>  hdih<«4oo«p4  ®  r»  «  «  r~  4mohh^«)o 

<ui')'CaiO'O-4«>4>mmtfiiftr»~(rftj(rio0>r*>r>'»«4'inoo>oiin-i-4<V'Oni<rin«n'O<o<wi>'io;ffs''0oott*4.o 

0>M04r4caN«vi4)')niHcoira  <v«coin-«®f\it»4  cp-^^hTscf^-'C  nit  4  i\j  -» cr  «44m<nror 

-4  -4i>  ®®r-r>-®x)tnin  4  4*  4»o»o*ocm<vcOcw-<^^-«-<^cp<sip» 


nMVAINWNNMN^AMMNIMnilMNIMniAM\INniNNIMNAMVAM\IIMnini(VIN(4N<VNCVIMAir,iniAt^ninlN 
oocooocoooooooocooooooooaooooooooooooooooooooooooo 
I  I  I  «  I  I  >  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  t  I  I  I  I  t  I  t  I  I  I  I  I  t  I  I  I  I  I  I  I  I  I  •  I  I  I  I 

^f-i^ill.0'0o0'«0>o4l,U)OininOO0«>0iHMH»fll'tK)4(Momifl4i0»>vDMnN0  44'«|4^'D* 
ooo,NH*4«^»<rHa«o>H4NiM4s<oininipn®«(r<M><MM^i/>4>0!Pii>nnoioB(j'»‘«(\ir)Hlo 
(\iNKorjhn^<rx>£trir'*ja'4C'04WM^ii'i'noH-jtf'K-if^tfo-»a:-»or'-'N!j''C'00'4(r("4o 
OOOH-(^lM(MH),OMl>)(MON4  4  ®  O'  N  O  4  4«l*OW0>4r*iCOCg<V*<rtlftMM(00,0‘NOI1<0v0 

<M(Mionr>>nniOfnr>iOf04  4  4444  444inirinjninin»n44«n444inininintf>inin«nin«ninininiru,>in 

nnfl«(OioiOioi9nflioiO(onpopr!nn«nn'OiOioio,nio'oniOK»i*)ioionionionnnK)inton4)i>)'Oio 

♦  *  ♦♦♦♦♦♦♦♦ 
•0»Mo4o»^(J,0ifl0*'04<r©*^*^'0i/>'ntN<J*0^itfi«xj^o0'4ro(M»nfg-«too»0o*0<0'V7‘»,»®4^'Hinh>'0 
(J'SKHin<0N9'4fl(MftMr<0  4Olfl#4aCH(C0'4»4ajHS'D«<0BOfl(\f«'0  4t>t'(J'*C4C,'<(non'C 
tn44-«or*to<M4-'-^r^'0^-*4<nr«0'r^oir>r^4o-4owf-444,oo'toow3N-<  ccr»m-«r>-4<\itn®*« 
0>H  0'U0>0M0HaOi)4i04»3!)''0O'0N4'lfl  3f‘'tnr'-T®'J'inc\»'n4-«®<On®lrtM'i  4  O  BNS'VO’O 


4in44444intr>44lf'44lP44in4  4  44444 


OOCC'OOOOOOOOOGOCCGGC'OOOOOOCCOC'C-'S  3  C  O  C<  CJ  3  O  »  C  C?  O  O  O  O  O  ’J  o  e 

♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦*♦♦♦♦♦♦*♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 
lfln4KOiO(MNHSifi(r  c\j  >0  ®  <Of"  fO®'C®ff‘0'®O  fl?4rg'\|(\|HO3O»(Vi0N4  *  IMO  »>  O  lOO  44> 
i4-M!0#(pj>jiin«<o«Mn'BHineiot-3>#oioinT'Oo4'\i<"jiot'04(»i'jHiMHM07>(ro4in(vo4 
4’tvnfl>(M0MVinM3'inurt0'(\l-*4O-3  4i0^O  ..  r-  04  4-*rrf>-irl-»r^*>10!OKh-r»4>  OM/I  4  «4 
sPinnioN  tui'MP'ON'HHf />.n  oM>iHwi.t4No«</i,('')3'Oirin4  t»i»o  r  m>  0  o  "M  oj  4  o 


t  t*  in  in  ®  ®  f*-  r»  r-  crn-T'-^ 


<ooooninm'n!n'Pt<Hiiflifliri/ii/)tninimf^jnrMnrufl,ninri.iiinoi4444  4  4  4444444444 

OOOOOC’OC’O'T'C'C’OOCC'OOOGOOO'JOirOGJrOOOOOOOr'aOO  O  O  O  "!  T  O  O  Q  O 

♦  ♦*+♦♦♦♦♦►♦♦  +  ♦♦  +  +  +  +  +♦  + 

«<7>(\»inHOK)rfo*HOrCN''MV,flN«fii01(rM0N  O  10  rj  >  o  h  O'  ■0  0'  -« in  rj  BQSJCHOHtOO* 
Kr4  0'0'0'Mr'0'  0',14«V®^tl^l®44fMO~®P'004  4  O  0*  t  X*  0*  *  I  m  0  C  **  O  <4  P> 

OfMrT»^ji"jonj7.o-T»,rt  0,V4'\Mn?'  f)'M-C‘33"ClH';iJ'rf!\C5N'M'n')  #4  0  NO-C'AHI  fNP 

ii  mu'*  ,i  on  5,nj  n  •t4n'j3j5  4N-*j>4r>'  o  l  t  mh  ^  4  ♦  n  tt»  #  3  O'Oo^t’M^oo^ 


1-18'  0  ^  n  0  ®  4  4  4  m  *0  ■*»  rt  eg  *M  »*J  <M  nl  f<|  . 


>  r-  0  o  o  in  ir  'i  t  t  ♦  *)  *i 


B- 15 
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